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FORT PECK SLIDE _ 


By T. A. MIDDLEBROOKS,! 1 Assoc. M. Am. Soc. C. E. 


‘iT ests and analyses conducted on the soils a and rocks encountered at the 


Fort Peck Dam (in northeastern Montana, on the Missouri River) which have a a 


: bearing on the slide that oceurred ¢ on September 22, 1938, are the basis of this 
paper. § Since very little information | has been published o on the investigations . 


- ‘conducted prior ‘to the slide, the first: part of the } paper I has been devoted to that — 


subject. The major part is devoted specifically to the e studies conducted after 


the slide, to determine its ¢ cause and to outline a a ‘method of repair. 


Iyrropucrion = 


7 “After preliminary investigations were ¢ completed, it was realized that, 
addition to the difficulties normally expected from the construction of a full 
hydraulic fill dam of this magnitude, the foundation conditions were compli- _ 
cated (see Fig. 1). A thick plastic clay stratum approximately 60 ft below the | 

4 ' ‘natural ground surface extended over the center two thirds of the valley and well 
the upstream and downstream toes 0 of the . Overlying, underneath, 
| and outside the limits of the. clay | stratum, there were stratified pervious ma- 
- terials varying from fine sand to gravel. - Ate: each i abutment t the shale was either 
exposed or lay under a relatively shallow overburden. — An extensive ‘e program 

of foundation exploration and laboratory investigations was planned to obtain 

the: necessary information for design purposes. A soil testing laboratory 1 was 
_ established and equipped to perform all types of soil tests, including the de- 
_ termination of photoelastic stress distribution. — In addition to the regular 
- Shear, consolidation, and permeability tests, numerous special tests and experi- 
ments were performed, , such as: (1) Expansion tests on shales and tills; (2) 
Barge scale shear and consolidation tests; (3) clay m odel tests to observe action 
during plastic deformation; (4) photoelastic tests on gelatin : models to develop 
a rational means of computing the stress distribution in the embankment and 
foundation; (5) earth- dam models of the main dam on approximate scales of 


1 to 0 aaa 1 to 200 and earth models of dike sections on a scale of 1 to 2; and 


Be _ Nors.—Written comments are invited for immediate publication; to insure publication the last dis- 
Senior Engr., Chf., Soil Mechanics Section, Office, Chf. of Engrs., D. 
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“ sand models to obtain information on the leit of consolidation of the « core 


In order to keep a close check on the settlement and seep seepage ge during and 
al after and perforated pipes were installed in the 


of Dam 


|__| Top of Cored 


BUREAU OF SOILS CLASSIFICATION 

EZZASand q Sandy Clay Loam 
4 Gravelly Sen Sand Gravelly Clay 


ERS. Glacial Till 


lay 
Clay Loam 


| 


Elevation, 


367| 366 


Bottom of Sheet: 
Top of Shale 


on several cross sections of both the dam and dike sections. In addition, 
ic stakes were set outside both toes of the dam and on the : surface of the = »b 
: - completed part of the slopes. The elevation . and location of these hub stakes |) tl 
and plates were determined They were read but 
in some cases critical locations were observed daily. Sa 
Investigations were conducted | prior to and during insure co 

‘a safe structure with reference to the following possible sources of “trouble: 
cae @ Bursting of the shell due to excessive core pressure; (b) slides in the ‘shells sh 


es _ due to excessive deposition of core material and clay balls; (c) plastic flow of the § 4 be 
foundation clay; (d) slides in the foundation sands or silts; and (e) slides on 


“Bursting of Shell.” —The possibility of the core bursting the shell 


; owas investigated prior ‘to and checked during construction, using the method 


og 
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| 
proposed by: Glennon Gilboy,? Assoc. M. Am. Soc. C. E., in 1934. It was found 
that the dam was safe even when the core was assumed to be a liquid, weighing © 
100 lb per cu ft. 7 The upstream core and outer slope were 1 on 2 and 1 on 4, 


_respectiv ely. _ Special care was taken in placing this fill to insure ‘that the core 


> 
{| | gTopofDamj | 


Elevations of Top and Bottom of Sheet- — 
Piling, as Shown, Indicate the Mean | 
— Elevations of — of Te 


= 


Minimum Top Elevatio 
| jo Sheet- Piling 


1 60 


a 
a 


~—Bottom of Sheet Piling | 7 


not encroach upon the ‘shell. Sand lenses were e allowed to into 
but not t through, the core, and they were found to be most helpful i in accelerating — 
~ the core consolidation. . ‘Shear, consolidation, and permeability tests were a 
on undisturbed samples t taken from the core during construction. Density 


samples w were taken every 5 ft in elevation through the core on each 500-ft | 


and ra rate of consolidation. T indicated that thee core material 


consolidated at an exceedingly rapid rate. 


“Slides in Shell. ”—Consideration was given to the fact that slides in the 
‘Shells: might o occur from two conditions: (1) Deposition of core e material on the 
‘beaches due to wide pools; and (2) deposition of large pockets of clay lumps | 
~ from: the pocket discharge lines. Daily control | samples, as well as permanent: 
- Feeord samples, at fixed intervals were taken to check on the core limits at and 


-_  2“*Mechanies of Hydraulic-Fill Dams,” by Glennon Gilboy, Journal, Boston Soc. of Civ. Engrs... 
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type of material being p in 1 the core and the shells. It ws was found 
necessary to establish maximum and minimum core limits, since it was obvious _ 
that a fixed limit was not practical in construction. © Upstream, the allowable 
‘maximum limit was only a short distance outside the minimum, and the con- 
struction forces were required to keep | the pool as close to the > minimum limits 
as possible. When the trap-line lifts were completed before the poc pool was pushed 
back to the minimum lin limits, ground lines were used | to push the pool back to 
the required limits. © To allow more flexibility | of operation, wider pool va varia- 
tions were permitted downstream where the outer slope was 1 on 83. 
To establish a sound basis on which to fix the control requirements for the 
allowable « quantity | of clay to be deposited | on the shells from the core, a com-— 
plete series of tests were run to determine the shearing strength of various 
‘mixtures of sand and clay. Tests were performed on sand mixed with 0 to 
(30% clay by dry weight. The shearing strength decreased at a fairly uniform 
rate until approximately 25% clay had been added, at which p point the voids « of 
sand were completely filled with h clay ar and the Shearing ‘Strength: rapidly 
approached that of clay. ; ‘Using the results of these tests, specifications were 
written to restrict the clay content it in the shells such that the coefficient of 
friction would be maintained at more than 0.6. > This v was the value : necessary. 
to prevent bursting of the shell I due tc to core pressure assuming no consolidation. 
The tests showed that the clay content could not exceed approximately 8.0%. 
Actually, the shell. were constructed throughout with less than 3% clay. . 


_ Deposition of clay lumps on the beaches resulted from the excavation of 


4 clay in the borrow pits. It was impracticable to prevent the pumping 


of clay lumps entirely, since there were numerous small clay strata in the 

borrow pits. that could not be avoided. Toe exert satisfactory cor control over the 
_ deposition of clay lumps in the fill, it Was necessary t to determine the type of 
_ borrow- pit clays that formed clay lumps so that these strata could be avoided 
wherever possible, and it was necessary to run shear and permeability tests to 
determine the quantity of clay lumps. that would not be detrimental to the 


structure, 


Pond Samples « of clay lumps 2 actually pumped by the dredges we were analyzed a 
the results compared directly with samples from borrow pits. It was found 


that most of the clay lumps were derived from clay strata classified as medium | 


— (50% to 70%) clay, and fat (70% to 100%) clay. : Dredging was then re- 

- strioted to borrow pits containing a minimum quantity of these types of ‘clay. 

> “Plastic Flow. of Foundation Clay.” —After the « extent: of the plastic clay 
in the foundation had been outlined 1 by the preliminary explorations, an ex: 
investigation was made to check the stability of the proposed sections 
oy 7 oth for the completed dam and for the 1-on-3 construction slopes in the closure 
section. The special foundation exploration ‘consisted of ten 6-in. borings” 
through the clay strata. Continuous undisturbed samples were taken for the 
full thickness of the clay strata, and shear and consolidation tests were run ‘on 
representative s amples from each hole. Since considerable deformation occurs 


ina aclay prior to ultimate failure in shear, it was feared that sufficient deforma- 
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tion might occur in n the thick plastic stratum (60 ft maximum thickness) 


to cause failure in the dam before the full strength of the clay could be mobilized. — 
_ After a careful study of this condition in clay models ls constructed i in the labora- 7 
tory, it was decided the shearing strength should be taken at the ‘ ‘yield point” 
instead of the point of “ultimate failure.’”” The result was a decrease i in the - 
deformation of approximately 75% from the ultimate without decreasing the 
a= more than approximately 25%. Strength of of the clay was d determined 
from consolidated and unconsolidated shear tests by taking into consideration ; 
the percentage of consolidation during construction. 
Since failure of clay would occur due to plastic flow, the ‘Swedish slide 
“method! for determining the stability was not considered applicable. The 
clastic-theory method was used | for determining the stress distribution in the 
clay y strata. ‘The works of J. Boussinesq,® Carothers, Leo Jiirgenson,’ 7and 


others were utilized angel a rational method for | for determining these stresses. 


‘mathematical application of of the elastic theory to this type of structure. As 
a result of this investigation,® the construction slopes i in the closure section were 
flattened from 1 on 3 to 1 on 5, and a berm was added upstream for the full» 


— of the clay s stratum, Station 30+00 to Station 70-+00, Fig. 1. a4 


clay | sufficient samples of the foundation n sands and silts 
_ were obtained to determine their strength. It was found that there was ample © 
factor of safety against failure of of these materials. — 

“Slides on Shale.” —Explorations in the 1 right abutment "disclosed that 
beneath several feet of exposed disintegrated shale, there was a zone of blocky © 
shale “approximately 30 ft thick ‘There w was gradual transition 

from the blocky weathered ‘Shale into into | subfirm and firm shale. In the valley : 


- adjacent to the abutment a pervious Jus overburden averaging 30 ft in thickness 
overlays a thin of clay 1.5 ft thick. ‘This clay rested directly on sj sub- 


The possibility of failure in the owe in this Vicinity \ was considered as 


‘highly improbable, since subfirm shale of similar classification excavated in — 

other locations on the project had shown that the subfirm shale and the bento- _ 

= seams contained therein possessed ample strength to prevent failure. — 
Detail i investigation of this zone after the slide showed that the upper part of 


4 “stratum classified as subfirm shale was actually weathered shale. It was also 


i found that the clay stratum 1m adjacent to the abutment would consolidate 100% 
_ during construction. - For this reason, all shear | tests on the c clay were performed © 
} oon consolidated samples. ., ‘Stability analyses made on the basis of the results” 


‘“Erdstatische berechnungen mit reibung und kohidsion (adhision) und unter annahme kreiszlin- 
drischer gleitflichen,” by W. Fellenius, W. Ernst (publisher), Berlin, 1927. 


5“‘Application des potentiels a l'étude de l’équilibre et du snouvement des solides élastiques, princi- 
 palement au calcul des déformations et des pressions que produisent, dans ces solides, des efforts quelconques 
exercés sur une petite partie de leur surface ou de leur intérieur; mémoire suivi de notes étendues sur divers 


: points de physique mathématique et d’analyse,’ fe i J. Boussinesa, Mémoires de la Société des Sciences, 
de Agriculture et des Arts de Lille, Vol. 13, 1885,p.1. 


Elastic Equivalence of Statically Loads,” by S. D. ‘Carothers, Proceedings of the 

- International Mathematical Congress, Vol. I1, Toronto, Canada, 1924, p. 519. ne: ie 
J _7**The application of Theories of and Plasticity to F oundation Problems,” by ‘Leo Jargenson, 
ournal, Boston Soc. of Civ. Engrs., July, 1934, p. 206. 
, §‘Foundation Investigation of Fort Peck Dam Closure Section,” by T.A Middlebrooks, Proceedings, 
Soil Mechanics and I Eng., June, 1936. 
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obtained from the tests indicated that ‘the dam was | safe against failure from — 


in arriving the most logical probable: causes of the slide. in- 


vestigations indicated that the slide may have been — by one or a com- 

a bination of the following conditions: (1) Movement along some weak zone in 

_ the shale; (2) movement along the shale surface; (3) bursting of the shell due to 
- cay 

excessive core pressure; or (4) temporary eusfnetion of the shell or foundation 

aa ‘To determine the extent of additional laboratory work necessary for 8 

“complete saan tests were run by the latest approved me methods to check 
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previous testing, so that there would be no unnecessary duplication. ‘The 
of standard direct shear ap apparatus was used for most of the testing, but the shear- 
ing strength of the core and the critical density of the shell material were de- 
termined by the latest developed triaxial shear machine. ae. See 
Movement in Shale —In to investigate possible movement some 


we s, drift, 


IMMEDIATELY AFTER SLIDE 


large- diameter (12-1 -in. to 36-in.) core borings. considerable number. of 
I ‘small (3-in. to 6-in.) borings were made through the slide material and over- 
. Beng and 40 ft into the shale to outline the distribution of the various ma- 
terials. Continuous drive samples © Ww ere taken of the slide material and 
~ overburden and cored samples from the shale. — Undisturbed samples of clay, 
weathered shale, and the test pits, its, drifts, and large-diameter 


borings were tested for shear rand onsolidation characteristics in the the laboratory. 


SRAPE | 

| 

on 


In addition, large- scale field tests were run on undisturbed weathered bentonite 
4 in the drifts driven into the weathered shale. Representative results of these 
test at are shown i in Fig. 3 v which ch also s shows the required strength to give a safety 
a a factor of 1.0 for the section prior to failure. 7 _ It will be noted that most of the 
tests on bentonite show a ‘strength below the required st1 strength line, whereas 
most « of the tests on clays and weathered shale show a strength above that 
required. It will also be noted that the strength of 1 the core material is is well - 
above that required, the coefficient of friction averaging about 0.6. 7a 5 
Pian Results of these tests indicate clearly that the bentonite and weathered shale | 
were the weakest materials in the foundation, and that undoubtedly the 
weathered bentonite was by far the weakest material encountered. 4 This: ; con- 
clusion is substantiated by all the explorations. _ Numerous movement zones” 
or slide planes - were found in the weathered shale by the drive ‘samples taken 
from the small borings. practically all cases bentonite was mixed with 
gouge material in these zones of movement. — In some cases, , the large-diameter. 
cores showed that bentonite seams had home completely removed | by the slide; — 
some were thoroughly mixed with shale along a gouge zone, others remained as 
definite seams but were drawn out showing considerable | movement. hee 
Observations made on holes drilled into the shale revealed another \ very 
- important factor that was difficult | to take into consideration in the analyses 
but which, it is reasonable to assume, had a major effect on stability. Holes | 
drilled into the shale downstream of the slide and on the west abutment showed : 
_ that there was a high hydrostatic pressure in the shale, which was considerably 
in excess of the maximum lake level or the saturation line in the dam. Ihe 
Table 1, which shows the water levels obtained in the various drill holes, it : 


c 
° 
c 
© 


| 


‘TABLE 1. .—Hyprostatic PREssuRE IN FounpaTion SHAL ALE 


(Elevations, in ‘Feet Above Sea Level) 


How Em- | Satu- | Equiv- 


KZ || Station] Ranges 


upstream; D = downstream. _ + Elevation * a column equal to hye drostatic pressure, 


4 will be seen that one hole developed a pressure. head equal to that of a water 
> |) column extending to El. 2, 310, approximately 60 ft a above the » maximum hi height 

: Bie of the fill and 90 ft above the saturation line. Other holes developed pressures — 


of more than 100 ft pe constoton lake level or ee saturation line in the dam. 


Bori 
> 


> 
I 
8 
— 
— 
ta: 
ment | line | col- -|ground| ment | line | 
92 | 2,175 | 2,259] .... | 2,195 || 76.02 | 2.81 2,046 | 2,211 | 2,105 | 2,183 
— (11.25 750U_| 25100 | 2'189 | 2,155 | || 78.94 | 0.50U | 2/048 | 2'252 | | 2310 
(0 a »% 11.30 67U 2,078 | 2,175 | 2,155 | 2,145 79.01 | 2.80U 2,042 | 2,216 | 2,115 | 2,256 7 
——— =6—<“<‘ié«wZ*«CSO 2,046 | 2,156 } 2,115 | 2,115 |} 80.00 | 0.37D | 2,048 | 2,247 | 2,220 | 2,310 
2,046 | 2,183 | 2,162 | 2,118 || 81.77 | 2.78U | 2,041 | 2,219 | 2,113 | 2,213 
(| 7) 2,044 | 2,182 | 2,174 | 2,074 81.94 0.50U 2,048 | 2,251 | 2,220 | 2,232 — 

18.75 2,048 | 2,158 | 2,122 | 2,170 84.94 0.50U 2,073 | 2,250 | 2,220 | 2,260 
18.50 2,060 | 2,185 | 2,154 | 2,128 || 84.98 | 2.72U | 2,057 | 2,217 | 2,115 | 2,190 
— 15.00 2,049 | 2,232 | 2,125 | 2,210 || 87.94 | 0.50U | 2,156 | 2,250] .... | 2,100 1 
——— 20.00 — 2,046 | 2,229 | 2,127 | 2,226 90.93 | 0.50U 2,176 | 2,250 | 2,219 | 2,104 &§ 

 —0t—“<i«éité‘ité«S«wVA:*Y| «MESO | 2,048 | 2,250 | 2,220 | 2,242 || 93.94 | 0.50U | 2,214 | 2,250 | 2,220 | 2,181 . 
| 
| 
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shale. All artesian wells in this vicinity are drilled through the mie: 

shale to: a _ depth of from 600 to 1,000 ft, and none of these wells developed a — 

_ pressure even closely “approximating those obtained from these ail holes. 

drilled through the dam. 


‘The most logical re reason \ for the | existence of such 2 a high hydrostati p pressure 


LEGEND. 
© Core Material 


Shale - 


riction. 


cetficient of 


3.—SHE ARn-Tust Data, Fort Daw 


| Prior to the construction of en dam, these bentonite seams lying at 
= water table were covered with a shallow overburden. .. They had_un- 
doubtedly taken u up water and expanded until they had become adjusted to this 
overburden load. . Construction of the dam increased this load by more than 
200 ft of fill. ra This ac added load caused consolidation of the weathered bentonite 
seams which resulted i in a release of water that could not readily escape through 
the overlying impervious shale. It was trapped along the s the a es 
be high hy coger pressures which were later observed. Iti is the firm con- 


" 


exist j in the shale was one 0! 


\ 
— 
' 
| 
‘superimposed load of the dam, most likely along weathered bentonite seams. = ; a 
| 
| x 
| “0708 4 
It 
: — 
i — 
q 
q 
—— 
. 7 f the major causes of the slide and accounts in large iim 
Pare lor une Speed at Which, and the distance to which, it moved. = 
| 


Movement on Shale.—In the slide area there was approximately y 1.5 ft “a 
clay and disintegrated shale overlaying the subfirm shale. This clay was a 
direct contact with a free draining foundation sand. Additional tests con-— 

= investigations and showed that the “thin clay. strata would — 


consolidate rapidly with the application of load. Consolidated s shear tests. 
_ were used for determining the | shearing strength of this material. = All of the 
; -—atrengths so determined were well : above the required s strength to to give : a | 


_ Bursting of Shell.—In view | of the wide core and relatively flat c core chor 


‘ ie of the shell due to excessive core pressure was considered by many in 
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= early stages of the slide in investigation to be the ie most Ic logical reason for the 
slide. Therefore, a comprehensive testing progra: am was outlined to determine 
the > strength of the core and shell materials. — a Shear tests were performed onthe — 
direct shear machine ‘supplementing the earlier tests. In addition, triaxial 
tests were run at Harvard University, Cambridge, ‘Mass., at the U. S. Water- 
ways Experiment Station, Vicksburg, Miss., and in the laboratory of the For 
Peck District. Results of some of these tests on the core material are shown 
- Fig. 3. The coefficient of friction of the core material averaged : approxi- 
om mately 6, with only a a small degree of cohesion. 
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core material to be even stronger than the direct shear tests: indicated. d. After 
watching some triaxial tests run and studying the results, one engineer | re- 
_ marked that “the ¢ core material appeared to brace itself against failure.” lt 


concluded from all the tests material was 


by the use of Goldbeck earth pre pressure cells toa long pile. 
4 degree of consolidation of the core material made 
_ it impossible to set the pile in the core without 
impairing the of the cells. 


shown in Fig. 4, Limits. of the core as 
constructed did not vary greatly from the design 
except for sand lenses which extended 

4 into, but not through, the core. © Consolidation 

: of the core was accelerated by these lenses of 

sand which protruded into the core from the 
transition zone. Fig. 5 shows ‘the degree of 
a for core material on the center 

4 line for different elevations of the fill. ‘These’ 
data were obtained about: two months prior to 
_ the slide. The tests comprise samples ane een 
Station 15+00 to 85+00, along the axis. The 

ratios (averages plotted in Fig. ‘were 
“deter mined volumetrically from drive samples 2 

a in. by 18 in., taken in July, 1938. The core 
"pool varied from te ,213 to 2,200. 


Elevation, 


and ‘emails of the core, : as shown by the tes Ss, 
was further borne out by the action of the ‘ma- 
“terial during the slide as shown by the topog- 
raphy and exploration after the slide. The core 
‘remaining in place on the west end of the slide 
stood on very steep slopes and exhibited high 
resistance to ‘scour from the core. ‘pool water. 
Borings showed that the downstream | part of the 
core did not move out with the slide, but re- el 
‘3 ‘olume of Voids” 
“mained intact while the overlyi ing shell material 
move ed upstream over it. Boring No. 4 at Sta- Fie. 5.—C c 
tion 14475, » approximately on the axis , Showed 

| that a large hole had deve eloped the ‘slide surface. 


Core | material did not squeeze into it as might have been expected, but it was 


a he upstream toe trestle w as pushed out ahead of the slide. If the shells 


i had burst due to core pressure, the most likely path of failure would have been 

over the trestle. 7 ‘Failure did not occur where the core was the least con- 

‘solidated, which y was the closure section. = part of the dam was raised 
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anticipated in the original design and consequently possessed a good safety [| 4 


Temporary Liquefaction of Sand.—‘Liquefaction” of the sand shell or 
a. ‘ foundation sand (or both) was advanced as another possible cause of the slide. q | 
_ The fact that loose sand, when subjected to a shock.or change in stress, will | 


- slough or slump has been recognized by engineers for ages past. In 1936 : 


Fr _ Arthur Casagrande, Assoc. M. Am. Soc. C. E., showed a method whereby ‘the . 
oa - density x required to prevent sloughing for different sands and different condi- [7 4 
a _ tions can be approximated.® It has been designated as the ‘ ‘critical density” 4 
___ and is defined as the he density at which no change in volume will occur at a a giv en | 4 
vertical load. Any material having : than the critical will 

| 


— © Waterways a Station — 


2 _| Density of Fill | 
| 
= 0. 
5 
3 
t 


Vertical Pressure at Failure, ‘in 1 Tons per per sa 
6.—Summary_ oF Cririca Dexsrrr Teens on ON Marerrat 


tend to expand ¥ when 1 subjected tos shearing s stresses; ‘therefore, this 1 material 
_ when saturated will brace itself against failure; whereas, a material looser than 


vans critical will consolidate when subjected to shearing stresses, thereby allow 

ing the load of a saturated material to be partly car ried by the water which 

_ It has been concluded that a material denser than the critical i is definitely 

safe: against flow. On the other hand, it does not follow that all m aterials 
_ looser than the critical density are unsafe. . This looser material will definitely 
_ have son some reserve e strength, depending on its density. This. problem did not 

enter into the slide investigation since it was found that density of the shell 


_ §**Characteristics of Cohesionless Soils Affecting the Stability of Slopes and Earth Fills,” ' by Arthur 

Casagrande, Journal, Boston Soc. of Civ. Engrs., January, 1936,p.13. | 


— approximately 150 ft in four months, whereas the dan 
oan was raised to this height over a period of twenty-eight 
hoarofore jt wac concluded from th data pv 
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order to determine the of the shell ond to obtain 

= samples for tests, several test pits were excavated in the undisturbed ia 

a shell. Continuous 6-in. undisturbed samples were taken, and the density and 
- mechanical composition determined. Critical | density tests using the triaxial — 
machine were run on representative samples at Harvard University, U.S. | 
_ Waterways Experiment Station, and Fort Peck. Results of these tests are — 
oe in Fig. 6. - Density of the Fort Peck shell material is shown as a heavy 

broken line. ‘These tests show that the hydraulic fill is denser than required. 

In addition to the critical density. tests on disturbed shell materials shown in’ 

Fig. 5, tests on undisturbed samples 3 to determine the effect o of ‘stratification — 

were run in the Fort Peck Laboratory. These test results showed that there 

_ was an even greater margin of — against flo flow of the shell material ial than was 

indicated by the other tests. sss 

i _ The conclusions drawn from the test data were substantiated by inspection | 

of the undisturbed 36-in. cores. The inspection disclosed that definite strati- 

fication, as it existed in the hydraulic fill, was undisturbed by - the » mov ement — 

- except for numerous shear planes. This stratification might: not be destroyed _ 

7 by streamlined flow of the shell material, but it can be stated definitely that 7 
there would be no shear planes in the sand if flow had occurred. _ Therefore, — 
jit can be concluded from the tests and explorations that the shell material was 
of sufficient: density to prevent it from becoming liquefied e even under the _ 
severe stress conditions that occurred during the slide. ore +S 

_ The distance that the slide moved upstream may have been due to some > os 

teen of the slide materials, as has been concluded by the Board of 
Consultants. Iti is the opinion of the writer that the evidence proves such a 7 
- liquefaction must have occurred along the bentonite seams in the shale, es- 


Es y after ny" movement had occurred to mix the bentonite with the. 
q 


cut is ‘approximately 500 ft wide and 30 ft deep a elevation, 2, 030. o. 
efore to the stability : analysis, seems desirable to discuss 
al a number of questions raised during the investigation which, directly 


b 
i : indirectly, : affect a any stability analyses that might be made. - ‘The questions 
a 


re listed below and discussed in subsequent paragraphs: 


a —@ What effect did filling and lowering of the reservoir have on the slide? _ 
(2) Was the construction rate too rapid? 

(3) Did excessive settlement occur in the slide area prior to the slide? 

(4) Did seepage away from the abutment ent through the fill have any - 


i" — (5) Was the core at the east abutment finer or coarser than the remaining 


(6) What effect” did the 1e slide have on the adjacent abutment and dam? a0 


6 
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Effect of of Reservoir Water. —At the e time of the slide the reservoir was at 
2,117.5, having been | drawn down from El. 2,137.0 in approximately 
days. ‘The shale and bentonite in which the slide occurred were re below the 
natural wate water table a: and were therefore saturated before the dam was con-_ 
structed. Since the load of the dam was much greater than the Reservoir 
pr essure, the water was actually being squeezed out of the foundation. — The 
: water in the reservoir, therefore, could not enter the shale and 1 bentonite to. 
weaken it. __ The reservoir water at El. 2,117.5 decreased the s stresses in the 
7 4 foundation from what they | would beve been if it had been empty. This 
- decrease it in ‘Stress, however, was ir in part counterbalanced by the increase 1 in 
7 stress due to . the drawdown; but, on the whole, the water in the reservoir had 
very little effect on 1 the : stability ¢ of the structure. — Although the effect fl 


‘small, these conditions were g given full consideration in the 


Fic. 7.—Recorp or ATION SUBSIDENCE AND 20-+00 60. +00 


n 


- “Rate of | Construction. —The rate of construction for the part of the dam i 


slide was comparatively slow. r: rate of construction is is shown as 
fill was in in stages. The first. of construction 
the fill up approximately 40 ft, followed by a winter rest period of five and — 
one half months. Then in seven months the fill was raised approximately 
—«685 ft, and another rest period of five months occurred. - This was followed ll 
about two months of operation, prior to closure, in which the fill v was raised 
7 approximately 30 ft. 2 Closure operations allowed this fill to rest another four 
months, after: which approximately 15 ft of fill was placed in one month, 
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Fouowmg @ rest period Of ive months, the hil Was then raised approximately wa 


er, 


EE ft in the five months prior or to the slide. 
a 


Increase in the fill height averaged - 
The maximum 


proximately 5 ft per month including the shutdown periods. 
tis ise per month in n any one per iod was approximately 15 ft. 
. In the slide area the construction rate was | extremely slow compared with 
saws closure section. . The fill in the closure section rose 160 ft in four : months, : 
rested five months, and then rose 60 ft more in five months. — The average 
rise per month was ; nearly 15 ft and the maximum was 40 ft. . Therefore, if, 

trouble was to be experienced i in the embankment due to rapid construction, 
surely it would have occurred in the closure section. _ = 
Any reasonable ¢ extension of the construction period could not have been 
expected to to increase se materially the ‘strength of the weathered shale or bentonite 
or to Telease the pressure in the saad impervious shale where the source 


of the trouble ¢ existed. 


by ‘reference to Fi ig. It will be noted that the ata 
os point about the middle of the upstream slope had practically stopped. = The a 7 
: settlement in this area amounted to only about 2% of the fill height, “whereas 
in the closure section where the plastic clay i is approximately 60 ft thick, the 
7 settlement amounted. to more than 10 ft, or more than 5% of the fill height. 
- Settlement in the slide area occurred at a rate of less than 0.08 ft per month; 7 
but in the closure section this rate was approximately 0.6 ft per month. Ob- 


- viously then, it is most , unlikely that excessive ve settlement contributed to the 


~ Seepage.— —Seepage mov ing outward from the e abutment nadeabealiy raised 


7 
‘the saturation line in the dam slightly, but the additional stress added to the 
foundation was negligible when compared with the total set up by ‘the 


Texture of Core Material.— —During tl the preliminary ane of the i investiga- 
tion some engineers thought that the core was composed of finer material at 
the abutment and that greater c core pressure was exerted there. ‘Actually the | 
major portion of the cor core was ‘coarser at at the abutments, a a condition which 
ai Effect of Slide on Adjacent Abutment and Dam.—The slide had no material 
effect on either the : abutment or the dam outside the slide area. A small — 
surface slough occurred in the abutment due to the toe > support being sremoved — 
quickly. However, it was no importance. 


Stability analyses were made, the Fort Peck method 
and ond static slide method.* 


4 


area. 15+00° been because it is a 
_ Section and because the slide started at ; approximately this location. Figs. 8 
to 10 show the 1e stability analyses of the section by the elastic theory method . 
prior to” failure. Distribution | of “shearing stresses along the rigid boundary 
_ Was cor computed | and cee in Fig. 8. — effect of seepage forces, the differ- +, 
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taken into consideration in determining the ‘atrees ‘distribution. ‘All il 


wera were assumed to be homogeneous and isotropic, and had the following 


Weight 


Sand material ‘above the s saturation line Ribas ee 


material below the saturation line. 60 


65 
"Disturbed shale (buoyed). . 


“Using values 0 of tan = = 0. 185 Gi ie = angle of internal frietion) and cohesion 
C = 0.2 tons p per sq sq ft, the: shearing : strength of the shale (broken line in Fig. 8) 
was plotted so that a direct comparison ¢ could be made with the ‘Shearing stress. 
Tt will be noted that there was an overstressed zone from range 4+00 to 


Failure of the weathered shale and and bentonite undoubtedly started 


in this overstressed zone and gradually increased until a sufficiently area 


had been overstressed to produce failure of the “entire structure. ‘This is 
borne out by statements of the eye witnesses concerning the fact that the 
shell moved nearly straight out and the | core pool and adjacent | shells | moved — 


down as if dropping into a 


Attention is directed to the fact that in this analysis no 


foundation, failure starts in this material and "progresses back into the 1e embank- 


~ given to the strength | of the fill material. W here the weak ‘material i is in = 


follows 8, therefore, that failure of the ‘fill material in case is” 


incidental to the prior failure of the foundation material. - This i is one of the 


er. fundamental weaknesses of any static ‘slide method, ‘since progressive failure 


sive 
25 


Top of Shale, = 


10+00U 9+00 8+00 6+00 5+00U 3+00 2+00 =14+00D 2+00 


> 


8.—Srress anp Strrencts (Tan ¢ = 0.185, C = 0. 2 Ton PER Sa Fr) Atone Ricip Bounp: | 


In this method of analysis the over-all safety factor (Fig. 9) is ¢ omputed | 
by taking the ratio of the accumulated shearing strength ‘and stress by starting 
g the toe (Fig. 8) and progressing back to a point where it becomes a minimum. 


‘It will be noted in Fig. 10 that the , safety factor drops below 1.0 at ole as 4 


range 4+00 remains below to approximately “rang range 2+00: 
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weathered shale and tin lie above ‘the ‘required line for a a 


ta 7 


“Fie. 9. —ReLarion oF (ConEsion AND TAN Av ONG THE Ricrp Bounpary 1 FOR A Sarery Facron OF 1. 0 


Tan 


of 


Values 


LEGEND 

a. Weathered Shale Involved in Slide 

x SurfaceClay 
© Bentonite Bentonite, Quick Shear 


"cones in “Tons per Sa Ft 


d stability analysis was made on the same cross section using the static 
4 slide method. $ Since the weakest plane across the dam passes through very 
a § little shell material, the sta strength of the core is the governing factor. if a p 
’ value | of tan ¢= 0. 3 is used for the core material, this method checks. the 


theory method. On the other hand, if a value of tan ¢=0. 6, which 
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more in line with ww data, is used, the ‘section ii is shown 1 to be 
2 this method. _The failure plane as shown in head shale | for all phage 


of Ground After 


= 


-Top of Stripped Ground = 


of Clay Materialt~ 


Ba Based ‘ont Tan an @ =0.185, ¢ C= 0.20 Tes 
Stress Along Rigid Boundary 
| | 
Values of cohesion and friction were determined from consolidated s shear test , s 
‘The results of these analyses on the sections prior to the slide 
against the test data further show that the failure did occur in the weathered 0 
shale and bentonite, ‘and the re results also fur nish values for the coefficient of \ 
BE cgee and cohesion which take into consideration all the variables including |] t 
& excess hydrostatic pressure. In this way, & reasonable over- -all value of s 
- shearing strength of the foundation was determined for use in the re- e-design. - 
Reconstruction of the Slide Area.—In Stability-analys ses for the re-design f: 
of the dam in the slide area, values of tan @ = 0.185 and C = 0.2 tons per 4) 
i eat ft were used as s determined fror from the analyses of of the dam section prior to > ¥ 
the slide. The’ re- -design was based on two criteria established by the Board 
of Consultants: () That the factor of safety of the re- -designed section should B40 
be. greater r than 1 5, using values of tan = 0.185 and C = 0.2 tons per sq ft: & 
and (2) that no point in the foundation should be overstressed as determined > 
by the elastic theory method. 
‘Figs. 11 and 12 show the stability analysis by the Fort Peck elastic theory 
"method for the re-designed section at Station 15+00. «dt will be noted in [MR 20 0. 
Fig. . 11 that in all cases the sheari ing 1g stress in the shale is well below the. shearing : “ 
strength at any point, and the safety factor against f failure of the main dam is | iat 
1.95 (Fig. 12) and against failure of the outer slope of the berm is 1. 85. The i 
saturation line s shown in ‘Fig. 11 represents | the worst condition in the u upstream Poe 
shell during dredging g operations. As be before, all the fill materials were assumed ¥ . 
to homogeneous and isotropic and the “effect: of the seepage f forces was 
included i in the analy Fic. 
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Part -_ Dam Not Affected | by Slide. —In checking the the design of the d dam am that 
was unaffected by the slide, the following criteria were established: (a) The 
factor etal sho ould be greater than 1.5, using the minimum shearing 
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foundation should be overstressed. 

i In analy: zing the center section of the dam over the | plastic clay, the results. 
‘quick”’ or unconsolidated shear tests were used since they gave minimum 
Vv alues. No credit was taken for the i increase in strength due to the consolida- _ 
tion in the strata which had occurred during ‘construction. A maximum > 
‘settlement of of the embankment had already exceeded 12 ft. Most of this 


settlement is s due t to consolidation of the plastic clay. The minimum 


will actually exist i in the completed structure. Using th wed minimum 


values, the minimum safety factor was found to be 1.5 7 oie 


Safety Factor Based 
_— on Actual Strength 
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Aste stability ans analysis was made for — failure occurring in the shale 


found to be 1 15. This pon sis also has a hidden 1 safety | factor. “An analysis 
of this | section pr ior - construction of the berm, assuming that it only had a 


value of = 0. and C = 0.2 tons per sq ft used in 
ously then, this section had a a safety factor greater than one, since ‘it did not 
fail. Another condition that to the safety factor, but which was dificult 


‘will hav ve 


“factors, it is the op opinion of the writer that the eis, 0 as re- re-designed 
a a safety factor, throughout, of approximately 2 


— ‘number o of reassuring conclusions can be d drawn from the investigation of 


the Fort Slide, with emphasis on two: 


It can be concluded definitely that the hydraulic fill was not at fault. 

It was the general opinion of the investigating engineers and other engineers 

- _ having an intimate know ledge of the project that the fill material performed 

- excellently even under the most difficult circumstances existing during the slide. 
— Q) Furthermore, it is encouraging | to note that no major changes in soil 
testing - or methods of stability analysis were considered necessary as a result 
¢€ the slide investigation, although h comparison o of the * ‘static slide method” 

with the “elastic: theory method” of stability. analy sis did indicate that the 


latter was to be preferred for for the conditions encountered at Fort Peek. - - 


— 


r 
paramount in every one’s mind may e stated as follows: 
How can be avoided or anticipated in | the future? It is 


ama investigations, extensive they were, did not indicate to the 
and engineer the extent of the w eathering i in the shale and bentonite seams 
underlyi ing this part of the dam; nor did they | indicate that high hydrostatic 
4 ‘Pressures wo would dev elop in the e bentonite seai seam due to the superimposed load 

of the dam. Therefore, the major problem in | this connection is to. always 
= “obtain representative undisturbed samples of this type of rock, ‘sufficiently 
ae large to reveal the true character of the rock to geologists and engineers. The 
slide investigation at Fort Peck has made a major contribution to this end by 

demonstrating the feasibility of freezing the saturated overburden and taking 
i 36-in. undisturbed cores from the soil and rock formations. ‘The development 


of hydrostatic pressure in the rock can be determined by the installation of 
mt well points or other means ; of measuring the water er pressure. = These pressure 


mee 
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: of Fort Peck for observing the — pressure that es in the rock 
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CONCRETE DESIGN 
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(CHARLES Ss. Soc. C. E. 


7 


i materials. ‘The theory of clastcity has proved satisfactory for the 


“nation of the forces acting on the various sections of continuous frames or arches a 


n much attention has been devoted to various methods of its application. 


mn 


a 


the understanding, by designers, of the action of reinforced conerete s 


_ Corresponding progress has not been m made i in proportioning the members| of 


structure after the ‘external forees have been determined. The theory, 
elasticity, as ay applied to design of sections, is too inflexible and inaccurate to be 

entirely ‘satisfactory. ‘The w riter proposes the adoption of the plastic theory 

which 1 recognizes the true characteristics of the material determined by: research 

since the s standard ‘ d “straight- -line theory” was adopted about a generation : ago. Z . 
The | plastic theory t takes into account the plasticity, of the material and is in 


her in by the writer extend 1 the 
columns, and- arch ribs. The 


better with 


test. rest ts. They are based on the cylinder strength o of e concrete and the 

yield. strength of the steel without the use of modular ratio n. . A number ¢ of 

have been made since 1936 to eliminate the ratio, but 


 _Norz.—Written comments are invited for immediate publication; to insure publication the last dis- dis- 


cussion should be submitted by April 15, 1941. 
1 Cons. Engr., Milwaukee, Wis. us 
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given herein. The writer has previously published parts of this theory, 6 but 


has n now improved and extended the equations so that: he hopes they may 


‘recognized as forming a a satisfactory basis for practical design and further 


Vr 


INTRODUCTION | 
7 T There are 2 three general steps in the design | of an efficient structure: a 


4 (1) ‘The determination of service conditions depending on the purpose and 
location 1 of the structure, ‘such as the nature and intensity of loading, the 
foundation conditions, and the exposure to deteriorating influences; 
_ (2) The computation of the external forces to which the various sections of 
all the members will probably be exposed during the life of the ‘Structure; and | 


(8) The proportioning of the different parts: of the structure so that the 
limits of their useful strength may be reached, but not exceeded, under the 


vy Step 1 leads an experienced designer to the» selection of materials s anda 

layout of the structure. has been demonstrated by many 
investigations that, in the case of f frames or arches of reinforced concrete, the 

- external forces can be computed satisfactorily (Step 2) by means of the theory 


of elasticity, based on the assumption of direct proportionality of stress to 


7 strain, In spite e of the plasticity of concrete this is true within the limits of the 
useful strength of the structure, except in some special cases where cracking at 


= sections sufficient to cause redistribution of moments might not be 
i 


detrimental. In such special cases, advantage might be taken of the increased | 


strength due to redistribution of moments, but this must be done with caution. 
a aa A number of tests since about 19367 have shown that the maximum strength 
—_— of a redundant | structure is not determined by the first section to reach its 


i ‘maximum strength but by the combined strength c of the redundant and primary 


_ members or sections, as explained i in 1939 by J. A. Van den Broek,*® M. Am. 
Ordinarily, in reinforced concrete structures, the useful load limit of the 
structure occurs when the first section reaches its eienebih limit, as determined 
_ by the permissible cracking or yielding of the concrete while the steel stress is” 
still considerably below its yield point. For this reason, it is best to design the 


“ther al so that, as nearly as the sections involve red ma} may reach 


_ §“*Design of Reinforced Concrete Members under Flexure or Combined Flexure and Direct Compres- . 
“sion,” by Charles 8. Whitney, Journal, Am. Concrete Inst., March-April, 1937, p. 483. eee 

_ 8**Kecentrically-Loaded Reinforced Concrete Columns,” by Charles S. W hitney, Concrete and Con- 

structional Engineering, London, November, 19388. = 
a" The Redistribution of Moments in Reinforced Concrete Beams and Frames,’’ by W. H. Glanville 
F. G. Thomas, Journal, Inst. of Civ. Engrs., June, — Wemee 

_o of Limit Design,” by J. A. Van den Broek, Transactions, Am. Soc. C. E., Vol. 105, 1940, 
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caused by yielding under higher loads than the design loads will effect the factor 

of safety of the structure against | collapse and aid i in the : ‘selection of | the proper f 
allowable limits of the strengths of the different sections. 

- The third step in the design is the proportioning of the different parts of ithe -_ 
structure so that the limits of their useful strength may be r reached but not | 


~ exceeded under the loading specified. In dealing with a plastic material such as 


concrete, this limit can best be determined by a theory that recognizes its true 
characteristics. — . The | plastic theory is based as closely as practicable on the 
actual behavior of concrete in combination with steel and makes possible the © 
determination of the useful strength of concrete members with more accuracy 
‘than the present standard ‘straight- line stress theory. The strength and 
reliability . the present-day concrete, . and the detailed knowledge | gained by 


ee earch apie justify a complete re-examination of the methods of 


The behavior of concrete under stress is ‘danieaiie complex | because it a 


influenced by « combinations of so so many v ariables that ex even under well- controlled a 

conditions the prediction of true unit stress is not possible. 
7 he classic conception of the stress-strain curve is that of a parabola with : 

- its lower part approximately straight and ending at the top tangent to the - 

horizontal. _ The lower third of the curve being nearly straight, it formed the 

basis of hci straight- line for mula in which 1 working stresses are used. 7 The 


Both of these formulas i involve Young’ Ss modulus of elasticity of the conerete, 


“which has been prove roved inaccurate. by exhaustive research because the stress- 
strain relation is an indeterminate variable depending on the concrete, the 
manner an and intensity of loading, and on time. _ Change in strain with time is 


due to plastic f flow and | shrinkage. 


ao years of extensive researches, R. E. Davis, M. ‘Am. Soe. C. E., H. E. 


Davis, , Assoc. M. Am. Soc. C. E., and Elwood state that? 
* it is not yet possible quantitatively to ) state e with any degree of 


under the conditions which surround any gi ven concrete 
ture; nor is it possible quantitatively to state with accuracy what is the 


- effect of plastic fl flow and shrinkage upon the magnitude and distribution of 


It has leas shown that deforma mations of stressed concrete change with time, 
. and d that s stresses in a restrained member are greatly affected by plastic flow.!° ; 
Even short-time measurements are affected by plasticity. On account of the to ‘om 
€ variability of this stress-strain relation, it is not possible to determine the unit | 


stresses at any particular point in the concrete aes by ‘Measuring eo, 


except to a very limited degree. 

~The modulus of elasticity Of co eer used i in design formulas i is an .n empirical ih = 

value a “assumed because it appeared to > make them give e satisfactory r results. 


__-- 9“*Plastie Flow and Volume Changes of Concrete,” by R. E. Davis, H. E. Davis, and Elwood H. 7 
Brown, Proceedings, A. S. T. M., Pt. II, Vol. 37, 1937, p. 318. 


10**Plain and Charles s Whitney, Journal, Am. Conerete 


1932. 
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However, the results cannot be made entirely satisfactory, even by this method — 


ofchoosingm, 


An almost universal misconception of the behavior of concrete in flexure is’ 


surface. The descending branch of the compression -stress- “strain curve has 


hon 


Fig. 1 shows some typical stress-strain curves for concrete cylinders selected — 
pos those measured in 1938 by 0. G. Kiendl and J. A. Maldari™ It will be 
noted that the maximum stress occurs at a strain of approximately 0.002 in. per 

4 in., and that the failure does not occur suddenly but that the stress is reduced 


gradually as the strain continues to increase. 


See 

= 


| 
In making these tents, the ‘machine head was at the” 


peters about 0. 0.002 in. ‘per gg In the case of a beam under pont load for a 
ns — long time, plastic flow will modify the stress-strain relation so that the seg 
portion of the curve is perhaps of no significance. It is the writer’s purpose 
in this paper to present a method of predicting ultimate strengths. — No 
attempt will be made to determine actual Stresses. it 
= ae In considering the effect of the large strains occurring in a beam as the 
: maximum load is approached it should be remembered that, under favorable 
__ cireumstances, concrete strained beyond its s point of ms maximum resistance will 
itestrength afterarest™® 


yt ae 11 ‘*A Comparison of Physical Properties of Concrete Made of Three Varieties of Coarse Aggregate,” 


7" 3 thesis by Oscar G. Kiendl and Joe A. Maldari, presented to the University of Wisconsin, Madison, Wis., 


ais in 1938, in partial fulfilment of the requirement for the degree of Bachelor of Science in Civil Engineering. 
_-:12*Autogenous Healing of Concrete, ” by M. W. Loving, Assoc. M. Am. Soc. C. E., Bulletin No. 13, : 
> “: Concrete Pipe Assoc., 1936; and ‘‘Autogenous Healing of Cement and sacl by Leslie Turner, . 
International Assoc. for Testing Materials, 1937, 
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Because the straight- line formula applied tc to test results indicates that the 


— ‘stress at maximum load in an over-reinforced beam is much higher 
q (about 51 50%) than the cylinder strength, and because the maximum strain in 


the beam is much higher than that in the cylinder : at maximum load, it has been 


4 concluded quite generally that the concrete does not behave the same in the a 
eam and in the cylinders. Although there is undoubtedly some difference due 7 


= 
to the shape of the unit and the distribution of stress, it will be shown that this _ 3 
fam may } not be substantial and that the behavior in the he compression side 
of the beam may be fully explained by the s stress-strain of the 
eylinder, 


Iti is obvious us from a a comparison of the different curves of Fig. Sitote even : 
- controlled tests there are such great differences in the strains that no very a 
A: 

refined theory can be justified. There are general characteristics, however, that a ; 
: form the basis of the plastic theory and indicate the form of the equations, 
7: leaving certain empirical constants to be determined by actual tests on beams. 

ih this manner, simple formulas can be derived that have a more satisfactory - 
| A theoretical basis than the present standard formulas and that give — 
q 


= results, 


_ The ideal stress- strain curve in Fig. 1 was derived from cylinder tests of con- 
4 crete with a a strength ¢ of about 4,000 lb per sq in. n. It has been p: proved that the — 
strain in the compression side -of a beam increases practically in direct pro- — 7 


7 - portion to the distance from the neutral axis. _ Therefore, the ideal curve to the ; 


left of any particular ordinate corresponding to the strain at the outer surface a 
of the beam will represent the variation of unit compression stress in the 
concrete. If the strain in the steel is known n, the location of the neutral axis and 


the e resisting moment of the beam can be computed. The tension in the 


- conerete will be neglected because se the effect i is ; small at high loads and the ¢ error 
is on a the side of safety. a 


| 


= 4000 Ub per Sq in. 


=0.003 


| 
| 
| 


STRESS 


As an enema, Fig. 2 shows the distribution of seen in the beam assuming 
a unit strain of e = 0.003 at the face of the concrete and ¢’ ‘= oo — at al 
steel corresponding to a steel stress of 40, 000 Ik lb per an a 


| 

| 

— 


PL ASTIC THEORY > 


‘The computed value of k 
"strain curve from zero to the ordinate where the eis 0.003, it is found 
7 the area is 0. ).803 e fc’ in which f;’ is the maximum concrete stress gee is the 
maximum strain. Furthermore, the center of gravity of the area is e = 0.57 Tle 


from t the origin. _ Applying this area to o the ¢ depth « of the beam ab above the neutral 
- axis, substituting k d for ¢, é, the area a represents the total compressive force in the — 
beam; and it equals C=0. 803 f.’ kd = 0.556 f-’ d. Then the moment arm 


from_the to the center of compression is d= —k d — 0. ).571) 


ae strains (see Vig. 3(a)), using the be formula 


In these computations, the values of distance = and area A given in Fig. 3(b) 
were used, based on the ideal stress-strain curve _ The maximum ordinates in 


Fig. 3(a) give the 1 maximum resisting moments of the beam. They ar are signifi- : 


— eant ‘quantitatively only i in 2 a general w: way but they a are of great value in indi- 

ting what is happening in the beam. The actual maximum value can best be 
determined from tests on beams. 

" oi It is particularly interesting to note that the maximum bending moment is 

not See: when the stress at the surface of the beam 1 reaches | the m maximum > 


the resisting moment of the beam continues to increase until the strain at | the 
singer is roughly twice that of the ‘eylinder : at maximum load. This ratio will 
vary with the quality of the concrete and the steel strain. a 7 
‘- These large strains in the concrete are principally plastic and result in a - 
redistribution of stress as the moment is applied. This yielding brings the |7 
_ center of the compressive stress much nearer the tensile steel than indicated by 
7 the standard straight-line formula. ; a very important ; feature of this redistri- 
: bution of stress is that it apparently does not affect the fatigue limit of the beam 
adversely. Tests ; made by J. L. Van n Ornum,! 3M. Am. Soc. C. E., on heavily 
: reinforced beams | that failed in compression showed that the tation limit at ; 
_ which beams failed under repeated loading was between 50% and 60% of the 
static strength : and practically the same percentage as the fatigue limit of 


The Fatigue of ‘Conerete,” by J. L. Van Ornum, Transactions, Am. Soe. C. E., Vol. 
1907, 
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cy vdem under repeated compression. The strength of the beams under 1 “el 

repetitions was about 70% of the static strength. 

7 7 Referring to the ideal curve in Fig. 3, it will be seen that a moment of 50% 

of the ultimate may produce initially a stress greater than 80% of the cylinder 
7 strength. It might be expected that a repetition of such load would cause 


‘failure, but the plasticity of the concrete at. such a — stress causes a readjust-_ 


ation 2) 


(Equa 


M_ 
bd* 


Values of 


) 
| 


Unit Stress, f,, Lb per Sq In. 


0.001 0.002 003 0.004 
Unit Strain in Concrete, , Inches per Inch 


"ment before failure takes This is because it indicates that 
“although the stress in the outer portion of the beam may be higher than the 
fatigue limit as shown by cylinders, there is a redistribution of stress i in the beam 
So that the fatigue limit of the beam is more than 50% of the ultimate : —_ » 
strength ofthe beam, 
‘It has been n proved that plastic flow is ; approximately proportional to _— 
at low ' stresses, but for higher stresses the plastic strain increases much more 


| “2 


PLASTIC THEORY 


the ordin 


ti is obvious that if the fatigue limit is a reasonably definite percentage of | 
* ultimate strength, the ultimate strength is itself a better measure of the 
useful strength | of the beam than is the unit stress calculated by the standar rd 
straight-line formula based on an a arbitrary \ value of the modulus s of elasticity. 
The useful strength can then be determined most effectiv ely. by applying a 
faster of safety to the ultimate strength. We 
ied 
_ Professor V an Ornum also found that the deflections of beams under re- 


loading below the limit became elastic after a of Tepe- 


“a information is is at hand | regarding | the effect of full reversal of of ' loading on 
heavily reinforced sections, but this is not a usual condition in concrete struc- 
‘ tures. . Beams with about 0.3% of steel showed about the same fatigue limit 
under reversed loading : as pened. Maximum. loading conditions occur 
so infrequently in the life of most shenstenen that this may not be important 


a ‘ordinarily; but more information should be obtained. 


Since the stress-strain curves are so variable and indeterminate (as indicated 
by Fig. 1), a very exact formula based on this relation is not practical. Fortu- 
y Hig. 4), I 


nately it is practicable to derive a simple formula that will give the approximate - 
location ¢ of the center of the compression force “more satisfactorily than the 
present standard formula. ‘simple expression for the maximum limiting 
= of the compression force and the bending moment can also be de determined 


RECTANGULAR BEaMs AND SLABS 


If it is that the stress i in a concrete beam at failure has" 


the shape 0 of the cylinder stress- “strain: curve shown in Fig. 4, the total com- 


ve 


4 


pression, C, is the area bounded by the curve. The line of action of C lies 
_ through the center of gravity of this area. — From an examination of the ideal 
stress-strain curve in Fig. 3, it is found that, if the actual area is replaced by an 
— equivalent rectangular area of width equal to 0.85 f.’ and depth equal to a (as 


s shown in Fig. 4), the location of the center of gravity of this rectangle corre- 


sponds closely with that of the actual area. —s— 


_ 4“Short-Time Creep Tests of Concrete in Compression,” by - 8. Jensen a and F. E. Richart, 
. C. E., Proceedings, A. 8. T. M., Pt. II, Vol. 38, 1938, p. 417. 
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In other words, the actual irregular stress block is replaced for simplicity 
ele a rectangular stress block of equal size that has an average stress intensity 
equal to 0.85 f.’. This does not mean that this method is based on the as- 
‘sumption of rectangular stress distribution. he use of the rectangle i is merely — 
ar device to approximate t the effect of the true e distribution. 


center of gravity, but the tigen Rese cen area appears to be entirely ‘satisfactory | 
and gives the simplest possible mathematical solution. _ This conception forms 
the basis of all the following formulas, and they give good agreement = 
tests. © The assumption of a concrete stress equal to 0.85 f,’ corresponds to the 
- actual strength in columns and permits a consistent treatment through the full 
range from pure flexure (eccentricity e = «) toaxialload(e=0), 
should be noted that the depth a does not correspond w with the depth to 
the neutral axis, k d, and it bears no definite relation to it. _ The value of kd tis 
: determined by the strains at the top and bottom of the beam ot ais determined 
by the strengths of the materials. 


For r practical purposes, ‘the action « of the beam. may now be described | as 


‘ 


¢ tensile steel, the concrete will crack as the steel stretches, and the equivalent : 


depth of the beam in compression, a, will decrease until the average effective 
concrete stress reaches the maximum. The concrete will then fail progressively, 


reducing the lever arm of the steel and causing failure of the beam. 7 - 


‘Therefore: 
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if the beam jis ynder-rei! ed so that the nrims 9 will occur in the 
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ileal 
* Equation Nos. marked thus are essential design formulas. a 
| 


in which: ¥ A, ‘ea of tensile steel; f= yield point stress of steel (or in the 

case of steel wre a definite yield point, the stress producing a total unit 

strain equal to 0.004 in. per in.); 6 = width of beam; f.’ = standard concrete | 


ey eylinder strength; the steel percentage ue is 


TT Phe ultimate resisting moment of the — as¢ ontrolled by steel failure ean 
be 
Agm 


q =e, 


from m which 


235 


s oj The foregoing expressions are extremely s simple and are independent oi ». = 


It should be noted that all of the ec equations i in this paper apply « only to ultimate — 


load conditions not to Predict stresse under working load, 


ase the moment is less than that news to cause a F a pr imary alates 


ia in the concrete, from Eq. 7b 


2 

The lever arm of the steel reinforcement is then 

tm 

and 
is 
q 
> M 


bow PLASTIC: THEORY 


f T he limiting value of the depth of e quiv valent toe fore qual concrete” 
and steel strengths in flexure can best be detern nec d experimentally. ‘If there 
; — isat least sufficient steel to fully develop the ane 1 of the concrete, additional 
“steel does not ‘materially increase the strength of the beam. a! 
The limiting value of = computed from tests reported by Inge Lyse, and the 
Tate W. A. Slater," Membe rs, Am. Soc. C.E., is given in Table 1. Eliminating 
TABLE 1—Be Am T ‘ests REPORTED BY SLATER AND LYSE 


| 
tual 
: = Cylinder tual Eq. 9a | Eq. 9b 


Acruan Maximum 

 Com- Moment Divipep By 

puted Maxime M Moment 


Grew atio | strength mum 
4 


@: | 4 _bolie 


10.2 | 8.2 | 0.021 | 1,390 1.5084) 2.06¢ | 1.500, 
2 10.3 | 8.2 | 0.028 $18,000 0.728 | 811,000 1.007 103. 
3 10.3 | 8.2 | 0.037 | 4,070 | 1,152,000] 0.515 | 0.742 | 1,183,000] 0.973 | 1.50 0.98 
| 10.1 | 8.2 | 0.047 | 4,800 | 1,360,000] 0.554 | 0.723 | 1,342,000] 1.013 
5 10.2 | 8.3 | 0.056 | 5,740 | 1,584,000] 0.481 | 0.759 | 1,660,000] 0.955 | 1.46 0.95 
6 | 14.2] 8.2 | 0.080 | 2,590 | 1,805,000} 0.910) 0.5452] 1,430,000] 1.2627) 1.85¢ | 1.274 
6A | 14.1] 8.2 | 0.039 | 4,130 | 2,196,000} 0.518 | 0.741 | 2,250,000 0.976 1.50 
7 | 12.2] 8.3 | 0.028 | 2'950 | 1,240,000} 0.553 | 0.723 | 1,220,000] 1.016 | 1.56 1.03. 
8 | 8.0] 8.1 | 0.031 2,760 543,000 | 0.665%] 478,000 | 1.135 1.136 
5.9 | 7.9 | 0.032 | 2,900 310,000} 0.7082] 0.6464) 266,000] 1.1667} 1.699 
| 4.1 | 8.0 | 0.030 2,820 | 129,000 0.724 | 127,000} 1.016] 1.48 | 1.00° 
10A | 4.1 | 8.0 | 0.040 3,810 179,000 | 0.712 | 171,000} 1.046] 1.55 | 
St: indard Devi iation + +0.012 +0.024 | +0.028 | +0.024 


four groups of beams that appear erratic, the mean value ¢ of 2 “350. 537 rand £ 


1e cor ultimate moment is. giv en by the: expression 


Fe 
‘01 comparison give es the m maximum moment for the test beams 


using a formula involving n. 


CF ig. 6 shows the value of bab fl given by 36 beams tested by Professors — 


"Slater and Ly se 7 ar nd 33 beams tested by the late Richard i. Humphrey, 
M. Am. Soe. C. E., and Louis H. Losse!® which had sufficient steel to cause a 7 


we ‘Compressive Strength of Concrete in Flexure, " by W. re Slater and — Lyse, Journal, Am. 


Loc. cit., p. 861. 


Strength of Reinforced Concrete ” by Richard L. and Louis H. Losse, 
No. 2, , National Bureau of Standards, 1912.0 


is practically the same in the three cases indicating that there i is no advantage i in 
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primary compression failure 7 ‘The Humphrey beams, with mieiine concrete, 
were not included because there was not sufficient reinforcement to | develop 


such high concrete e strength fully although they m may have been reported as 


Confusion no doubt exists because it ‘is difficult to differentiate between 


_ primary steel or concrete failures unless the steel percentage is considerably less 
the critical required to develop: concrete 


concrete compression area and will cause, in an under-reinforced beam, w what — 
a appears like a conerete compression 


= 

| 


Zz ‘be as large i in n either case A slight s stretching of the steel w will reduce the 


Cylinder Strength, See Lb per In. 


Fic. 6.—VALUE OF FROM Trsts OF BEAMS” 


th 
The value shown in in Fig. 6 is unaffected by 


a between 3, 000 and 6 000 Ib pei per sq in, although it t rises about 50% f for or weaker 
~ concretes from 3,000 to 1 ,000 lb per sq. in. Ww ith present methods and mate- 
rials it is not probable that structural concrete will have a strength less than 


2,500 or 3,000 lb pe per sq in. ,and if a weaker concrete is s used, a greater factor of 


safety: is appropriate. — Therefore, it appears that a a value of 0.333 for 5 aH 
be used generally. 
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‘Table 2 shows the results of the application of Eq. 7 to 72 beams of the oonten 


TABLE 2.—CoMPARISON or ComMPUTED AND ‘ULTIMATE Srrenern 


Bras 


maximum maximum 


maximum | —from | moment | moment 


“from | divided 
| po" = 


For beams with less steel, the allowable bending moment is given ™ Eq. 


177,000 | 0.9621 | 500 
321,000 | 0.9115 | 307, 33 

94 | 1. ‘ 492,000 | 0.8350 | 507 = 

42°57: 193,600 | 0.9780 | 163,500. 

‘98 | 340,000 | 0.952 

4,957 | 9% r 41,877 | 543,000 | 0.895 | 545,000 


6 


v~ 


0.49 164,000 0.9425 | 154,000 

0.98 |. 40,797 291,000 0.9095 | 289,000 

1.96 | 38,037 471,000 0.815 | 451,000 

0.49 ‘003 | 183,000 0. 157,000 

52 | 0.98 41,413 317,000 0.9451 307,000 


82 | 1.96 | 37,673 | 532,000 | 0.890 | 487,000 


169,000 | 0.9635 | 164,000 
321,000 | 0.9285 | 310,000 
504,000 | 0.857 — 482,000 
173,000 | 0.9754 | 169,000 
356,000 | 0.9559 | 300,000 
533,000 | 0.9120 | 512,000 


10, | 0.98 

| «1.96 

0.49 | 38,343 

2619 | 41,103 
652 =. 9% | 1.96 | 38,047 


41,170 | 281,000 
37,887 | 403,000 


10 0.49 163,200 


306,000 
488,000 


tested | by Messrs. Humphrey and prune Item 21 for - which Eq. . 
controls 1 because of | low- -concrete strength. . 2 The average ratio of actual 
maximum moment to that given by Eq. 7 is 1. ia tol. Eliminating the low-— 

; strength cinder concrete beams (Table 2(d)), the ratio is 1.062 to 1. — Classified 


according to to age, the ratio is 1.052 to 1 at 4 weeks, and 1. 1.09 to 1 at 52 weeks. 


| 
| The critical percentage of steel required to develop the full compressive 
strength of the concrete is (see Eq. 4): 
Acc 
1 | 4 1.103 
2 4 1.043 
3 40 0.970 
| 4] 52 1.183 
os 
— 
4 3441 | 0.49 43,447 4030 
4 | 3440 | 10 | 0.98 | 42,600 1.035 
4 | 3,376 | 94 | 1.96 | 38,633 1.045 
6 | 52 | 5,186 | 10 | 0.49 | 44,140 1.022 ie 
| 52 | 5,242 10. =| 0.98 | 40,107 1.186 — 
8 | 52 | 5,467 | 9% | 1.96 | 38,643 1.042 
19 | 4 0.9337 138,000 1.182 
2 0.8475, 273,000 1.030 
8621 0.7315 376,000 | 1.071 
22 0.9624 145,000 1.188 
23 0.9090 293,000 1.044 — 
24 0.827 «458,000 | 1.064 
ve 
han — 
— 
— 
| 


PL ASTIC. THEORY 


4 According t to percentage of steel, it is 1.117 for rp = (0.0049, 1.054 for p 
and 1.042 for p = © 0196, showing the incr reasing influence of the tension in the 
_ ane as the percentage of steel is reduced, — There appears to be no corre- 
dation between the modulus of el asticity of the -conerete and the accuracy 


The value c of the steel lever al arm, from Eq. 6 shows a substantial im- 


provement over the j-value given 1 by st: :ndard formula, This is clearly 
by the aforementioned tests. general trend of the comparative 


values i is show n in Table 3 computed for different percentages of steel in a 


TABLE 3.—Comparison oF j AND 
"= 50,000 Lb per Sq In,, » 
5 = 19 6) 


Ge = 3. Lb b per Sq I In., fe =) 10, and m = 


THEORY 


0.005 02770, 0.910 0.951 
0.020 0.400 0.867 0.804 
0.027 0.516 0. 828 0.732 


beam w vith 3,000 lb per sq in. concrete and 50,000 Ib per se in. y ield point steel. 

t wn be. noted that for the smaller percentages of steel, “is larger ‘than j and | 


this increase is fully justified by the Humphrey tents, As the percentage of 


steel increases to more than that commonly ‘used, becomes subtantially | 


than j. The of this reduction is shown in the tests by 


sm 
Messrs. Slater and Lyse!® who reported that the steel aang at failure of the 
rere considerably higher than the theoretical values. ‘able 4 gives : a 


W 


E 4.—CoMPARISON OF jJ AND AT FAILURE 
Plastie theory; values of by Eq. 6. 0.743 | 0.723 


comparison for four s series of beams. for w hich strains were measured close tv 


the ultimate load. _ The values of j at failure have been estimated | from the 


- observed v values. Iti is seen that the actual j 1 was much lower than the theoreti-_ 


a and corresponds very ery well with q as given by Eq. 6 Bat on 
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PLASTIC THEORY 


7 ren of the 1 results of 3 309 beam tests with the ultimate : strength 
values given by Eqs. 7 and 12 is shown in Fig. 7 (see Appendix for description). 
Only well-controlled series of tests have been included and European teats are 
omitted because of the uncertainty of the translation of cube strength into — 
strength. It is probable that the cylinder is a more e satisfactory index: 

of strength of the concrete in a beam or column than is the cube. _ an in 
7 7 does not ‘Tecognize the: excess strengths that have been report in 
— and slabs with small percentages of steel,! but the use of small per- 
“centages of steel is not likely to be as satisfactory i in practical construction as it 
isin the laboratory, and it has not been demonstrated that the excess strength 
will not disappear | under repeated loading. | Considerable cracking of slabs in | 


3000 Lb per Sa in. 
_ Jt | Se = 50000 Lb per Sq In. 


From = 
iis 4 


+4 


Percentage of of ‘Steel, 


Wie. oF RESISTING MoMENT OF RecraNcuLaR FROM 


buildings has been observed in past few years. This is evidently due 
‘shrinkage and lack of plasticity in the relatively high-strength | and rapid-— 

‘a hardening concrete, so the use of small percentages of steel should not be 
encouraged, The effect of foregoing formulas on beam design 


"is indicated ir in ‘Figs. 8 and 9. Fig shows the allowable given 1 by 


and 12 for different wahene of p with a factor of safety of 2h a as peneeet with 


Study of Reinforcement in Concrete Slabs,” by Inge Lyse and George R. Wernisch, 
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sq in. § in. and = 50, 000, lb per sq. in The new formulas raise the eritical 
percentage of steel f ‘from 0. 0113 to 0. 0273, and the allowable ; be from 197.5 


Ki ig. 9 is a universal deiton diagram giving values of and p for all grades 
of concrete and s steel. The advantage of the simplicity of the basic formulas is 
0.05 
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—Uurmars Moment AND oF STEEL FOR RECTANGULAR BEAMS, Basep 
9 
t ON Eqs. AND 12 


obvi vious, a and since the equations conform so well to tests covering the full range 7 
of steel and concrete strengths used in practice, there > appears to be no reason 
they should not be used for « design. 
ap 


- ‘The foregoing f ail for r rectangular b beams (Eqs. 7 and 12) can be directly 


applied to T-beams when the depth compression, coms not exceed the he flange 


q 

| 

IN 

008 w 

007 = 

$00 ce 

q 

to 
be 
igo 
ith 
| 


PLASTIC THEORY 


that the is w an ave verage ‘of 0. 85 with the 
resultant it at the center depth o of the flange. . Then the ul ultimate moment 


area of the between the ine 0.537 d from the 
top, this may be done by assuming t that the area is working at an average 
of 0.85 fe and taking moments about the center of the steel area. 
ae: In applyi ing Eqs. 14 te to T-beam design, it is important that special con- 
~ sidera’ ation be given to the width « of flange that j is assumed to be e effective. 4 The 
few tests made by C. Bach? to determine the effective width of flange were 
‘made on a very low -strength concrete (a cube strength of about 1,700 lb per 
sq in.) which would probably I have a higher relative shearing and tensile strength 
the modern high- -compressiv e-strength concrete. For this reason and 
because of the tendency for shrinkage cracks: to form alongside of the beams, ’ 
“even when the slabs are w ell reinforced, a more conservative value for flange 
~ width should be used than that permitted by standard codes. The projection 7 
should probably not exceed four times the flange b<coeumgl until more definite 
information is available. With the greater efficiency provided by these 


formulas this this width sh should be sufficient in most cases. i aia 
Beams REINFORCED FOR 


“Steel i in the eset essive side of a gre acts as it does in a column vel 


= essi to ite limit } prov prided it does slip o or buckle. 


 § the beam fails i in the tensile s steel, the presence | of the compression steel 
will have comparativ rely little effect on its ultimate strength. — The ultimate 


_ bending n moment in _ compression is computed by adding the moment of the 
steel compressive stress to that of the concrete stress (see Fi ig. 10). Then the 
ultimate moment at w hich the beam will fail in compeonion, assuming i it to be 


fully reinforced in tension, 


in which A,’ is ‘the area of the » compression steel, and d' is its | lever arm. if the 


g ield point of the. compressive ve steel has a value of fe’ different from fe, it can — 


_ 20**Versuche mit Eisenbetonbalken,” von C. Bach and O. Graf, Mitteilungen iiber Forschungsarbeiten 
auf dem Gebiete des Ingenieurwesens, Heft 90 and 91, Berlin, 1910. 
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be taken wey account in 1 the equation by ¢ 
15a to the value of ~ — without changing the equation. 
involving compressive steel. 


0,85 


‘and the remainder of the compression is on ‘the conerete. ae The oan is 

made as if the tensile steel were in two par rts, one to balance the compressive 
steel and the other to stress on the concrete. ultimate tensile 


moment i 
al 
A.- 
20 


id the | tensile teel require: 


provided that i is causec 
of tests of beams with compressive steel made C. Bach oO. 
many, and by Fritz von Emperger" are of int teres 
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1767 > 
n Eq. q 
toall 
ae 
| When the beam is under-reinforced in tension, the lever arm of the tensile 
3 
kter, the. 
an 
iin 


-—decause they show ‘the | danger of bond failure. _ The full yield point stress of 
35, 000° Ib per sq in. in. was developed i in compression, but with bars of f 60, 000 Ib 
yer oa in. yield point the failure was in bond before the full strength was . 
developed. 
Tests made with twin twisted bars in the compression side of beams”? 
- indicate that, because of buckling due to the twisting of the bars, they are not _ 
_as fully effective in compression as they are in tension. ion _ oe 
_ It is extremely important, of course, to provide against failure by | bond, 
shear, and buckling in hi hly reinforced beams. ; 
gin hig 


AND Direct Loap ON RECTANGULAR 


T he: strength of the co compression on side of the section will be the same when the 
member is subjected to bending a and direct load as it ist under flexure alone. 
Therefore, Eq. 15a can be used to ) predict the r resistance to. compression. failure 7 
“of an an eccentrically loaded rectangular se section. 


& 


When there i is sufficient tensile to prevent a tension failure,” the vulti- 


mate compressive ‘moment is (see Fig. 11) M = = fe 


+d A.’ from which, if d= 


“Bie, 6dt—3F 
bid Eq. 20 gives the theoretical “is 1e when the eccentricity of the load i is renter ; 
than the eccentricity of the ‘resisting forces in the compression side of the sec-_ 
tion. Because of its derivation it has theoretical meaning for smaller 
_ eccentricities but it can be adjusted to the smaller ra range by making Pi approach 
_ the proper value for an axially loaded column as e approaches zero. The first 


2**Versuche iiber Zielsichere und an by Rudolf Saliger, B Beton 
und Eisen, January 20,1935. 


%**Plain and Reinforced Concrete of Committee 312, by S. Whitney, on 
man, Proceedings, Am. Concrete Inst., September, 1940. 
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term giving the steel strength needs no adjustment because it “equals 2A, ft, 


when e equals zero. it is known that the concrete ——- is 0. _ bi t te for 
axial load so the second term becomes mes 355 and with th this a hanes Eq. 


+ 1.178 


which gives the strength of the rectangular member as controlled by compression 
strength. Eq. 21 gives values which agree satisfactorily with tests, as will be 
The formula for the strength of the member as controlled by ultimate tensile 
strength of the steel for the larger eccentricities will now be derived. If the — 
member is over-reinforced on the compression side that the compression steel 
is sufficient to take the total al compression force without help : from the concrete, — 


the value of the vu ultimate I load can be expressed by taking moments, and oa 


P=, 


When there is is net sufficient compression steel to take all the compression 
force, ‘it ‘may be assumed for. practical ‘purposes. that both the tension and 
compression steel will be stressed to the yield point at ultimate load, and the 
‘remainder of the compression load on the section acts on the compression side 
of the concrete over an equivalent depth equal to a. This total comprension : 
on the concrete is then 0.85ab/f.’ and it follows that P+ A. f, = As iad 


+0. or, 0.85 ab = an da= 
in whi ch 

which m = 085 


‘Then taking — about the t tension wil 


For the symmetrical reinforcement, when p= this reduces to 


> 
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4 
20 becomes: 
|) 
| 
q 
) Substituting the previous values and solving for P, we find: P = 0.85tbf,’ X y 5 The 


‘in which, When en there is is no compressive steel, 
rive ae 


Vie 


p= 0a and the ultimate load equals 


poke the load i is 24 no ‘significance when is very 


That: case is covered by Eq. 21. 


W hen the value of © is large, it is difficult to obtain. ideas a accuracy 
in solving Eqs. 24 with aslide-rule. Formulas can be derived in another form 
to cover the same case in the same ‘manner as Eqs. 16 and 17. | This can be 

‘done most. conveniently i in terms of « e’, the eccentricity measured from the | 


Assuming the compressive steel to be working at yield- point stress, the 


percentage of tensile steel required to balance it will be A, 46 a 


tracting this q quantity. from A,, the percentage of tensile steel that is dependent - 
on . the development of compression in the concrete for its fulcrum to work 
a against is determined. iT he value of P that can be resisted by these two 
a portions of the tensile steel can be nen and combined a as follows: 


the cement is 
og Ache 


al (e’ — d)? + 
0 and this becomes 


Je 


4 


le a+ 4 59 m 
| 
ipare the values of ultimate load g given by Eqs. 21 to 26 with | 
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the actual loads found in several series o 
E. Richart and T. A. Olson,” and A. G. ‘Hay C. 
the case of the Bach and Graf tests (Table 5), it was necessary to translate > the 
‘cube strength i into and it is the of the 


per sq in. 


TABLE 5.—COMPARISON OF ACTUAL AND 
umns T ESTED ‘UNDER Eccentric” 


Actu AL L OAD > Acruat L 


ultimate 


ultimate Col. 5 


Ulti- First | load (Ib) CUI ti- First load (Ib) 


(a) Serres I; p = 0.005 AND p! 


3 518 596,000 609,000 4... | 597,000 


1.04 
300,000 | 208,000 | 299/000 
| 180,500 | 91,900 | 149,000 


= 


204,700 | 75,700 | 203,000 | 1.01 | 52,800 | 52,500 ee 


132,700 800 123,300 


«66 000 | 2 500 | 62,500 | 1.07 


Series II; p = 0.005 anv p’ = (@) SERIES ILI; p = 0.0095 AND 


735,000 | .... | 729,000 | 1.01 | 892,000 | .... | 835,000 


447,000 | 293,000 | 423,000: 1.05¢ 496,000 358, 000 | 486,000 
273,000 | 77,800 | 257,000 1.06 | 347,000 99,000 343,000 
153,400 | 45,200 | 148,000 1.03¢ 231,500 _ 58,900 219,900 
71,300 22,300 68,500 1.044 118,000 700 116,400 


_ @ Two tests each; all other determinations based on three tests each. 


‘The Bach and Graf tests (T able 5) show very close agreement with the 
‘for ‘mulas for the full ra range, with the actual strengths slightly larger in : 
They w ere made on 49 columns about 16 in. square with an equivalent (inde 7 
a rei of 2,830 Ib per sq in. Th he steel had yield strengths of 53,700 Ib per sq 7 
in. and 50,900, Ib per sq in. with p equal to to 0.005 and 0. ).0095, and p’ equal to” 
nero, 0.005, and 0.0095. The tests therefore covered a very significant range. — 
. he details of the sections, and the agreement between the a ee and and theoretical — 
strengths, have been presented elsewhere. 
- The Richart and Olson tests (Table 6(b)) on knee sisal show excellent 
agreement with the of No. 9 which had about 3% of tensile steel and 


failed at. about 85% the load given by Eq. 26b. Cracks formed before 


_ “Tests of Reinforced and Unreinforced Concrete Columns under “Asal and Eccentric Load,” by 7 
C. Bach and O. Graf, Forschungsarbeiten auf dem Gebiete des Ingenieurwesens, Vols. 166 to 169. ites ‘ 7 


= _% “Rapid and Long Time Tests on Reinforced Concrete Knee Frames,” by F. E. Richart and T. A. 
Olson, Journal, Am. Concrete Inst., March-April, 1937, p.459. 


9g 
Tests of Knees for Continuous Frame Concrete Bridges,” by Arthur G. Hayden, 
January 18, 1923, 


“Effect of Size and Shape of Test Specimen on Compressive Strength of Concrete,” by H. F. 
Soc. C. E., Bulletin No. 16, Structural Materials Research Laboratory, Lewis Inst., Chicago 


“4 * Journal, Arm. Concrete Inst., Vol. 12, No. 1, September, 1940, ps1 (compare Figs. 5, 6, 7, arid 8). 
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failure parallel to the compression face at the knee, ine that it may have e 
< been cai caused by high shearing stresses due to the sharp curvature of the line of 


- compression stress around the an angle of the knee. The other frames with about 
al 4 1% of Steel failed primarily ir in tension and indicated ‘no weakness i in compression — 


reinforcement is used. More information is the knee effect, 


TABLE 6- ‘OF Concrete KNEE FRAMES 


(Sq In. la ars, per P ultimate Loapb > Col. 


Raprp anp Lono-Tiue = 12 h= = = 48, 300 LB PER Se In.)¢ 


14.50 | .... | 62. 31,900 31,800¢ 26> 

12.78 26b 
305 | 13.64 

13.30 

14.50 

13.30 

14.50 

14.50 

13.30 

13.30 | 45. 

: 125 67,700¢| 


wall 


| 


16,000 
he 21,900¢ 
21,800¢ 
22,300¢| 
13,700 | 


| 


G0 G0 QO G0 Cr 


.| 


nember. * Average of two rames. 


Eqs. 21 to 26 give the ultimate strengths of rectangular members for the full 
“range of conditions from axially loaded columns to beams under r flexure alone. 
~ Since it is customary to provide a greater factor of ‘safety for axially loaded |7 
— than for beams, it is necessary to modify some of these formulas for use eg 
in design. Without changing their form they ¢ can easily be adjusted to any 

combination of beam and column factors of safety. 

_ For instance, in the case of the compression control Eq. 21, it would be 

easonable to assume that the factor of safety should vary ‘from ‘that now 
provided by the present standard formula for axially loaded columns to ore 
the case of pure bending. When plotted with P as ordinate and Pe, a 


“abscissa, Eq. 2lisa straight and it ; can be adjusted by lowering the y-axis 


| 
} 
= 
— 
: q 
— 
< 
— 
Frame 
5 d 
— 
— 8 . 
(b) Knexs ror ConTinvous-FRAME CoNCRETE BripGes (b = 18 IN. AND fe = 45,000 LB PER Sq IN.)* 
| | | | ] ] = 
26b | 1.206 | 
266 | 1.060 
26b 1.064 
26b | 11538 
In Col. 6, e” is measured perpendicular to the axis of the leg of the 
ep V2. 4 Possible shear failure. ¢ Part (a) refers to footnote 25; and pa Telers to 1oounote 20. 
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The standard formula for the axially loaded column is — 


in which A,; is the total are area a of longitudinal steel; -and A Suen 
in compression. - Eq. 21 can be adjusted so that P will be 23 times this value 
when is zero and it then becomes 

P = 4 


‘Eq. 28 can be used as an ultimate ‘strength formula and will provide the 
iene variation in factor of safety. The relation between Eqs. 21 and 28 i is 


A, 


a 


Test Results Corrected for 
40.000 Lb per Sq In. and 
- = 4780 Lb per Sq In. : 


d Thousand 


< 
+ 


| 


in Hundre 


Richart and — 
Olsen Method 


(O4A 


d, 


— 


Moment, M, in Hundred Thousands of Lb-In.=Pe . 


Fie.  Suntzs F E, Co 
’ = 4,780 Ls Sq IN. 


= = 5. 15 i in.; d= 4, 5 in.; 
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| 

| | .N | 

Bo — 4 

ow 4U,0UU LB PER SQ IN. AND 

as A, = A,’ = 0.392 

= 40,000 Mind = 4,780 lb per 
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allow wable axial load for 1 rectangular tied « columns, ascending to 


penny by multiplying ‘Eq. gives 


Eq. 30 covers the case of the rectangular tied column w hen compre ession controls. 
- When the eccentricity. is so large that the tension in the steel controls the load, ' 
_ Eqs. 24 can be modified to provide an additional factor of safety for the smaller —_ 
eccentricities by adding | a constant to ‘the eccentricity. . Because of the large 7 
strains at ultimate load, the deflection of the column (assuming the length - 
limited to ten times. t) ‘might possibly increase the e eccentricity by as much as 
0.14, and if this amount is added to e used in the derivation of am 24a, 
tl 


~—0.4+ (p—p’)m| +—p’m+ (p—p’)m 


A T ‘hen Eq. 24b becomes, when p’ 


P= 0.85 tb fe’ | \ y+ Pt m — - 


= Eq. becomes: 


: 


‘a 


> 
& 


to ¢ is it can be increased or decreased if desired but th 

_&moun appears t to give good results as compared with tests. 25 and 


_ are only used for large eccentricities and need no reduction. a) Pe 
_ ‘The writer has compared® the ultimate loads computed from Eqs. 28 and 
88a with the actual loads found in tests made by Messrs. Richart and Olson — 


err 29**The Resistance of Reinforced Concrete Columns to Eccentric Loads,”’ by F. E. Richart and T. fe 
= Olson, Journal, Am. Concrete Inst., March-April, 1938, p. . 401 (see especially Tables 2and 4). - 


{ 
a 
P = 0.8 (0.4 Agi fs + 0.225 A. f.’).. T 
is may be 
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F. G. Thomas. ‘a ‘The: test results: by Mr. Thomas are generally lower then > 

the values computed from Eqs. 21 and 246 but higher than Eqs. 28 and 33a. 
This is consistent with his tests on axially loaded columns in the same series and 
the low strength a appears to be due to the design of his test specimens. — The 
reinforcing steel did not extend to the bearing plates: but was embedded in 
cole ged ends which were smaller than those that proved unsatisfactory i in the 
Illinois and Lehigh tests. a The test results indicated a slipping of the co 

_ pression s steel. The results o of one series of tests are plotted i in Fig. 12. 
The ie results of the and Olson tests®® on 10-in. square also lie 


ens the axially loaded columns of this series with previous © 
tests in which ‘flat-ended’ columns were used, it appears that. these 
‘hinged- ended’ columns are weaker by roughly 15 per cent. It seems | 
reasonable that the eccentrically loaded columns of this series are similarly 


- weaker than columns rigidly framed into other members of a ‘building 


= 


COLUMNS WITH RouND C ORES 


he writer has “erived formulas for the strength of round cored and 
they will be given herein, although further tests may show that the empirieal 


(@) SQUARE COLUMN 

OLUMNS wiTH RouND Corrs: 

—W i in as square column (Fig. 13(a)), the — 

reinforcement i is distributed around the circumference of a circle with a diameter 
Eqs. 28 and 33 can be : adapted by substituting for the value. of d’ the 

{ 


., ae rr x and Deformation of Reinforced Concrete Columns Under Combined Direct Stress 
and Bending,” by F. G. Thomas, Studies in Reinforced Concrete No. VI, Building Research Station, London; 7 a 
See also, Concrete and Constructional Engineering, March, 1938, p.165. 


3 “First Progress Report on Column Tests at Lehigh University,” by w. A. nie ail Inge ve 


E and ‘‘Second Progress Report on Column Tests at the University of Illinois,” by F. E. Richart and G. C 


7 ***The Resistance of Reinforced Concrete Columns to Eccentric Loads,” by F. E. Richart and T. A _ a 
Olson, Journal, Am. Concrete March-April, 1938,p.406. 


a 
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— 
7 columns also failed to develop their expected strength. Messrs. Richart and ae e 
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lent effective steel distance in terms of d. ‘The equations seem to agree aren, 
well with tests when 0.67 d is used, and assuming half the steel effective oneach | 
side of the section, Eq. 28 becomes, for ultimate load producing — 


— ; 


round column with core, effective depth of the concrete section, 
ean b be ch changed t to 0.8 D : and becomes 


q 
new 


“manner as s Eq. 24d. this pu purpose the distance the center line of the 

to center of gravity of the area of concrete in can be 


= 0.211 D + 0.298 ( 0.785 p-24). 


in which Ais is the aemguaion _ ~ Assuming th that the total si total steel compression 


= 0.85 A fo’; jor, A= ™ 


&£=0.211D+0. 293 | 785 D — Then a assuming that four tenths 
- of the total steel area is cflective on each side, and that the effective d’ is 0.7 
‘g adding 0.09 D to e to allow for deflection, and taking moments: P (e + 0. 09 D 
+ 0.375 d) = = (0. 40 Age X 0.75 Se d) +P (= + + 0.3875 d) which ‘reduces to the 
4 following equation. for the ultimate load causing tension failure in a round 
column with around core: 


ented Although some of the assumptions used i in deriving tl these equations may be 
‘questioned as being. contrary to present conceptions based on the elastic theory, 

_ they may nevertheless be be sufficiently close to the true conditions at failure 80 
that the simple and convenient form of the equations will prove satisfactory in 


Practice. comparison® with the tests d by Messrs. Richart and 


— 
> 
— 
= 
j 4 With a factor of safety of 27 Eq. 0.4 Asif, + 0.225 
| as e approaches zero. Making thes 
ultimate load producing tension fail 
P= 0.85 ¢ fe | 0.4 
— 
¥ 
— 
— 
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: Olson?® indicates that this is true, although the writer feels that s vie sufficient tests 


have not been 1 made to show whether or not the empirical constants in the 


7 equations can be improved. 4 The e equations appear to be more convenient than 


any others that have yet been proposed. — Pied am 


~ full range of conditions from axially loaded columns to beams under flexure 
alone. Designers who follow current methods are inconsistent in applying the 
plastic theory to axially loaded columns, a and at the same time attempting to 

E combine it with the theory of elasticity : as soon as the e eccentricity is introduced 7 7 


| Messrs. Richart and Olson”® suggest th that design of eccentrically loaded columns 


. 4 for the range of eccentricities with e less than 0.25 t should be based on the 


' transformed section modulus of the uncracked section, involving the modular —_ 
; ratio. — They propose the use of the standard straight- line stress formulas for 


large eccentricities. . For the allowable unit stress, they pr propose an . empirical 


variation from 0.: 225 fe! for a concentric ¢ load to 0. 4 fe’ for larger eccer trici cities. 
Fig. 12 shows the relative s strength ‘computed by their method. 
-. if The method suggested by Thomas” vu using the present for formulas based on the 
‘straight- line no-tension theory is similar to the method “proposed by Messrs. 
Richart and Olson. Thomas introduces an empirically varying allowable 

 &§ concrete stress only in the range between e = 0 and 0.5d. Avs applied to the 
wad full range of eccentricities such a method merely forms an empirical transition 7 
the a _ between the standard plastic treatment of the axially loaded column and pl 
be | standard straight- line working stress treatment for beams, | which is not a 
7 i - realistic nor as simple as the method proposed by the writer, 8 

‘The equations of this paper, except Eq. 30, are ultimate : equations. 
36) They are not intended to be used to predict stresses under working loads. oe 


Actual stresses under working loads are affected by so many conditions that. 
they are quite indeterminate. = it has been proved ‘that shrinkage and plastic 
little effect on ultimate strength because before failure the strains are { —_ 
enough to cause redistribution o of stress. 

_ — Thisi is also true of pre-stressed reinforcement which has been shown to have 7 


no appreciable effect, on ultimate strength although i it does i increase the | load ._ 


which tension cracks s appear in in the concrete.* 
The factor of safety should obviously depend on the nature of the structure 


and its loading. | It may be desirable to provide different factors | for different — 
; kinds of loads i in some cases. 3 Reasonably well-controlled | concrete is such a a 


sub-standard concrete can be eliminated by using gfe! as the minimum n cylinder 7 
Strength instead of the mean. With care, sufficient concrete strength can 
readily be provided and the concrete can be placed on the same design basis as 


| _%“Effect of Time Yield in Concrete Upon Deformation Stresses in a Reinforced Concrete Arch Bridge,” 
_ by W. M. Wilson, M. Am. Soc. C. E., and-R. W. Kluge, Assoc. M. Am. Soc. C. E., Bulletin No. 276, Eng. 
7 “Cracking in Reinforced Concrete,” by F. G. Thomas, The Structural Engineer, July, 1936, p 
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ote the minimum fatigue strength of reinforced concrete members, under wince 


‘ial thousands of times, is more than 50% of the ultimate static strength as as 
indicated d by tests, it will Il be | still higher | under loads repeated as as infrequently 
as the maximum loading: conditions in an ordinary structure. AS a general 
° proposition it it appears 1 that allow able | dead plus live loads | could be four tenths — 

of the ultimate loads; and, for extreme combinations of dead and live loads, } 
and wind, temperature, par" shrinkage effects, one half of the ultimate “might | 
not be excessive. This is premised on the use of the elastic theory (and not he | ‘ 
principle of moment redistribution based on yielding) to determine moments - 
and thrusts sO that the actual forces will not exceed the useful limit of the 
strength of the member. - Each ¢ case should be given careful consideration and 


it is obvious that the designer as cor an understanding as. 


aa direct load. Ww vhich hes been. pr roperly As can be se seen from 
12, , when the tensile strength controls: (Eq. 246), the bending moment that 
can be resisted Increases with the direct load. _ 1 herefore, it is possible for a 
reduction 1 of direct load without change i in ‘moment to cause failure. 7 It may 
not be safe, therefore, to consider that in case of overload, both the direct thrust 
and the moment will increase proportionately. Iti is dens that in the case 
of a bridge arch, where the thrust is due lar gely to dead load and the bending 
= due to live load, an increase in bending i is much more probable than ane 
increase in thrust. The ne of ultimate s strength formulas makes it possible to. 
- design a member “for any combination of multiples of the thrust and moment. 
Instead of u using a _ simple factor of safety as for an axially loaded column or a 
beam, in the case of a member subjected to both direct | load and bending, 
_ consideration should be given to probable combinations to which the member 
might | be subjected. A further analysis of the desirable factor of safety of arch 
ribs has been made by the writer. 
COMPARISON 0 OF Piastic THEORY WITH THE STANDARD 
‘The p plastic proposed by the writer the design of members" 
is based on three assumptions: (1) No tension in the concrete; (2). linear vari- 
ipa 4 
ation of ‘strains; (3) a ‘simple equivalent stress block which closely approxi- 
a 4 mates the ¢ effect of the 1 real | distribution at maximum load. — It differs from the 
~~? ordinary straight-line stress distribution theory only i in that it recognizes the j 
_ action of concrete at failure instead of attempting to predict the stresses | 
working loads, 
‘The objections that may be raised to the adoption of the p plastic ‘theory are are : 
as follows: (a) ] It is unfamiliar rand untried ; (0) it is: an ultimate strength 
method instead of aw working stress method; (c) the present method has given 
+“ satisfactory service for years and could | be ‘modified te to permit higher stresses oi 


7 they. are justified ; and (d) it may ay lead to the use of beams and nd slabs that are too 


= _ Each of these ideas will be discussed in order, a as follows: _ 
pe, T The application of the plastic theory is much oeatga than the ae 
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agreement with tests is one of its greatest advantages. It can be taught as 
easily as the present method and will lead designers to a better understanding 


of the actual structural action, 


In spite of the designer’s familiarity with the method of 
eign and his preference for it, the ultimate-strength method is superior if 
itis a better guide to the useful strength of members and provides a more 
consistent factor f safety against overload. T ests that the 


(©) The present aathed has been ended during s a time w rhen know ledge and 
experience with reinforced concrete were being accumulated. — x It provides, in 
some cases, what i is now an excessiv ely high factor of safety against concrete © 


“failure. It leads to uneconomical ‘design and inconsistent factor of safety. 
is actually based on an empirical value of TE * which could be modified together - 


theory, as ter as the monet of the | in compression is con- 

cerned. This would lead to the use of nominal working : ‘stresses which would 

; appear unreasonably high ; but, more > Serious than that, as previously sts stated, DO 

cece method does not g give as satisfactory values of the steel lever arm as the n new 
method. 4 This » would lead to the use of more steel in lightly reinforced beams — 
and a ‘reduction i in factor of safety against t steel failure i in heavily reinforced 


beams as compared with the new method. Table 7 shows the : average unit 


7.—CoMPARISON OF CYLINDER STRENGTH 
RESS IN _Over-REINFORCED Bea 


Ratiot | Mean variation 


average 


3y the Straight-Line Formula: _ 
American Concrete Institute, 1928° +0.04: 5 
y the Parabolic Formula: 
Joint Committee, 1924¢... 
+0. 0: 35 7 
0.037 


a unit stress divided by the cylinder strength. 


6“ Reinforced- Concrete Building» Regulations and Specifications,” Proceedings, Am. ‘Cone “rete Inst.. 
Vol. XXIV, 1928, Section 601. 
“Standard Specifications for Concrete and Reinforced er ” Report of Joint Committee, 
Proceedings, Am. Soc. C. E., October, 1924, Section 1038. 
4 Ratio for Item 7 is the computed unit stress divided by 0.85 fc’. 


pons stress, at failure, of the test beams reported by Messrs. Slater cae 


15 as ‘computed by seven different ‘methods. The la st column indicates 
the consistency with which | the formula might predict the results of the tests if 


the ¢ correct unit stresses were used intheformula. = 


Iti is to note that the straight-line formula with the actual \ Vv 


| 
d 
\ 
| 
| 
n 
| 
an 
| 
TABI H Maximum UNIT 
No. | Value of nin the formula 
| 

f 
oxi 
the ¥. 
sseall 
| 
‘loser 


THEORY 


(Item 6) and the plastic formula (Item 7) gave ve the best results. — , The | plastic 


.  (d) ‘The n new w formulas permit the use of n more prenent members, which is an 
advantage i in structures for which dead weight and temperature or shrinkage 
: moments are important. It will also be beneficial at the haunches of T- -beams. ; 

| It is always important to guard against excessive deflections, no matter what 
method i is used, and it i is always necessary to design carefully fo for shear and bond. 

> it will not generally be found economical to use maximum percentages of steel 
in beams and slabs; but the designer will be given m more freedom in design, and, _ 


4 having simpler tooks with which to work, he can pay more > attention to other 


APPENDIX 


OF ‘TEsts PLOTTED IN Fic. 


in. of granite, cinder conerete varying 
- strength from 1 500 to 5, 700 Ib per § sq in. . Reinforcement varied from 0. 49% 
total, 84 beams are not plotted in. ‘Fig. 7 because: 
strength exceeds | the testing machine capacity and, therefore, f.’ _ Was not 


The cylinders tested are 8 in. by 16 in. and f.’, the strength 


by 12-in. cylinders, is calculated as —— 


05 times the reported value. 
represents the average of three beams. 


8 ‘series of 8-5 -in. . by 11-in. of concrete with 3. 02%, of pe with an 
; average yield point strength of 38, 210 Ib per sq in. Only beams with ‘concrete 
strengths greater than 2 ,000 Ib per sq sq in. are wre included, and because individual 
_ steel strengths ar are not reported, , only the averages are plotted for two groups 


Reg 
of eleven beams. each, one under-reinforeed and one over-reinforced. The “ 


concrete cylinders we: were 8 in. by 16 in. and jf," is calculated to be - 6" times the 


"points from 34,800 Ib per sq in. to 58,250 Ib per sq in. a1 and areas varying from 
0.451% to 1. 245%. concrete varied from 2 ,510 to 3,443 Ib per 

— sqin. © ‘The yield point of the twin twisted bars was taken as the stress pro- 
ducing a unit strain of 0.004. 

The tests by } Messrs. Slater and | are those previously . The. 

four sets excluded from the averages in Table 1 are not plotted. Each point | 
represents the average of a group of threebeams. = 


35 Proceedings, Am. Concrete Inst., Vol. 16,1920, p.127. 


36 Concrete and Constructional Engineering, March, 1937, p. 200; Journal, Am. Conerete Inst., iN , Nov em- 
ber~December, 1936; and Proceedings, Am. Concrete Inst., Vol. 


Am. Conerete Inst., Vol. 33, p.488. 
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EXPANSION OF "THROUGH 


TT ests have demonstrated that aan ube expansion of concrete may occur 
through chemical reactions between cements of relatively high alkali content 
and certain mineral constituents in some aggregates, such as certain types of 

‘shales, cherts, and impure limestones found along the coast of California be- 

tween Monterey Bay on the north and Los Angeles County on the south. © A 

new test procedure is described in this paper through which it is possible, ina 

comparatively short time, to develop the deleterious characteristics of cement- 


aggregate combinations similar to those reported i in the California study. . The 


consists of curing ‘specimens in sealed containers at normal 


Numerous tests conducted during recent years have established 3 the value a 
of low-heat cements in minimizing the shrinkage of concrete, and the value eof 


the sulfate-resistant standard and puzzolanic-type cements in resisting attack _ 
by the ‘sodium and magnesium sulfates and other deleterious constituents in 


alkali soils and sea water. must now consider third important 


portland cement conerete as to mata excessive expansion and possible ulti- 
mate failure of a structure even if it is subjected to only normal curing and ~ 


Given a properly designed combination, such a condition 
= can occur even when the cement is perfectly sound (in the generally sion 
- interpretation of the word) and of such a chemical composition as to be highly 


Tesistant exterior attack by ‘deleterious agents. . This is fully and = 


sively demonstrated through the tests described in this paper. A new test 
Nors.—Ww: ritten comments are invited for immediate publication; to insure’ publication the last 
discussion should be submitted by April 15, 1941, 


Materials and Research Engr. State Div. Sacramento, Calif. 
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procedure i is also described which it would probably have impos- 


sible to make the laboratory tests. 


Continual or alternate wetting and drying of test 


‘expansion « characteristics experienced on 1 many in certain districts o 


the state. ‘Iti is now known that at least some of the field conditions of pcg 
sion can _ be nage in the laboratory when 1 the Specimens are cured i in 
‘sealed | containers , ther eby retaining the original mixing w ater with few, if any, 


ing. it was not until this 


fact was eased that invariable measurable « expansion was obtained with ho 
‘tain cement- aggregate combinations, and that negligible, if any, expansion — 


urred with other combinations. 
complete documentary e ev idence s the conclusions ¢ of the tests 


“report has been elsew eve. 


Saunas ALLEY P AVEMENT FAILURE 


Rarity i in 1938, as section of concrete pavement 1 north of the tow n of "Bradley 
in the Salinas Valley, } Monterey County, Calif., failed because of excessive 
expansion. — An intensive field and laboratory investigation followed to de- 
_ termine the causes of the failure and to” develop ‘safeguards to prev vent a re- 
currence of the condition in future work. The failed pavement was built in 
the fall , winter, and spring of 1936-1937. . Most « of it had passed through two 
winters potions to show distress in the spring of of 1938. Th he 
distress became manifest in the form of excessive expansion which caused. 
_ buckling at the expansion joints and a severe cracking throughout the length of | 
certain slabs (Fig. 1(@)), 
» Ae coarse aggregate from a local commercial plant, located ona tributary 


to the Salinas s River, was used throughout. . The fine aggregate came from 


two sources, one the local deposit. ‘(herein 1 referred to as Oro F ino), from which 
of the coarse aggregate w was og other from a 


area. The sands from these two deposits were | and during alternate sind 
es. - so that it was easy to identify the source of the fine aggregate in each section 
or day’s ‘run. A close inspection of all sections readily disclosed that excessiv e 
“expansion h: had occurred only in those sections in which the local (Oro Fino) 
fine’ aggregate had been used, ‘and it was obv ious, aggregates 


the coast: 4 area from in the north to the northern = 
of Los Angeles County i in the south, throughout, which | ager egates of the sam 

‘The first ‘structure in which pi developed to such an extent as to 
; attract attention was the King City Bridge (Fig. 1(e)) built in 1919- 1920 


“Influence of Cement and Aggregate on Concrete —ae," by Thomas E. Stanton, Engineering 
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(c) Sea Wall (d) School Building 


(f) Br Bridge Pylon 


YPICAL ‘Concrete, F AILURES FROM Comprnations OF CERTAIN AGGREGA ATES 
AND Hic m-ALEALS CEMENTS wins 


EXPANSION OF CONCRETE 
j — (t ») Bridge Girder mg 
1.—" 


“em the Sees: River at tee City, Monterey County. y. This bridge con- 
_ sists ¢ of an all- -concrete trestle approach toa series of concrete piers and steel ff 
- trusses over the main channel of the river. ‘The channel structure consists of _ 
- steel trusses resting on concrete piers. of two circular sections with battered — 

‘sides connected by a 12-in. diaphragm wall, 
a ‘The coarse aggregate was imported from an unquestioned source, but the 7 
fine aggregate was taken from the bed of the Salinas as River, 0 ora small tributary 

Pine Creek) emptying into the river a short distance upstream from the bridge. 
Within three years after construction, well-defi -defined cracks were in evidence 
in the cape of the piers. Later, these cracks extended into the columns of the a 
piers. By July, 1924, all of the pier caps were more or less affected. Fe 
= The concrete in the pile and trestle construction has shown little, if any, 
distress, the severe distress being confined to the piers. 

that the cement V was not of a uniform quality, s so far as is known the two con- 
cretes differed on only i in the sands used. Pine Creek sand was used at first; 

vse sand from pits in the s stream bed of the Salinas River and later surface 


sand from the bed of the same . river, ¢ deposited during the winter: rains, was used. 
a The condition of the King City Bridge has been investigated by a number — 

of agencies, including representatives of the Bureau of Public Roads, the ; 
Bureau of Standards, the Portland Cement Association, and the cement com- 
7 7 ia panies, as well as engineers and chemists of the California Division | of Highways. 
In general, the number of « opinions ns expressed equaled the number of reports - 

made. The causes of failure advanced by the different investigators were the 
sand; unsound cement; ; excess water; extreme variations in temperature; faulty 
curing; faulty concrete design; variable coefficient of expansion between dif- 


ferent (including | reinforcing steel) ; electrolysis; overstressing or or "under 


All of the assumed causes, however, were purely speculative without any ‘sub- 
 stantiating and (in 1940) have e remained in 1 the category « of interest-_ 
ing theories, 

~The | King City Bridge has been enphasized because it was the first. partial 
- failure of a major structure to attract attention and because the definite cause 
of the difficulty has been an unsolved mystery. _ Subsequent to the King Ci ity 
Bridge: trouble, several concrete trestles, built afterward i in Monterey 


Similar trouble had been noted in Ventura County where the concrete piers 
of the Southern Pacific Main Line Bridge over the Santa Clara River near 
Montalvo, built in 1914-1915, had developed map cracking similar to 
“y Salinas Valley ‘structures. On June 5, 1933, George W. Rear, M M. Am. Soc. | 


Sz. , bridge engineer for the Southern Pacific Railroad Company, wrote oul 


bed of the stream, whereas sand had been used the year in 
_ constructing the piers which were still in good ¢ condition after eighteen years. 
. brie Other pavement and structure failures were noted in Los. Angeles, Ventura, 
a Santa Barbara, San Luis Obispo, and Monterey counties, where the aggregate : 
Was 2 all of the same general type, containing from 4% to ) 15% total of shale, 
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-cherty shale, and chert. A number of the more important failures were some _ 


sections of yavement and sé sea walls in Ventura and San Santa B Barbara’ counties 


_ Although the sulfates in sea water undoubtedly contributed to the serious 
deterioration of the sea walls, it was obvious that this deterioration was ac - 
celerated by the infiltration of sea water through cracks resulting from excessive 
‘expansion occasioned by other causes. _ The concrete walls of a school building 7 
‘in Santa Barbara, built in 1931, had cracked to such an extent by 1934 as to 
require at least partial reconstruction (Fig. 1(d)) All ¢ of the failures noted 


lowed the : same general pattern and were apparently due to the same under- 


The solution of the pre problem 1 was complicated by the fact that, hat, although 
he exception cracking of the nature described was noted only when local _ 
fine aggregate had been used, there were numerous instances where the appar- 
‘ently same local a aggregate performed i in an entirely normal and satisfactory _ 
oe Immediately north of the ‘pavement failure in Montery - County is a sili 
of pavement, constructed at least six years earlier, in which fine aggregate 
‘from the Salinas River was used, but which is still (1940) in excellent condition 
and shows no evidence of excessive expansion or cracking. — 
Upon. conclusive ev idence: that the Jocal sand u ‘used i in the Bradley pavement, | 
constructed i in 1 1936-1937, had played an active part i in the failure, a laboratory 
"study was undertaken to to determine, if possible, the cause or causes of the trouble 
- and the reason for the inconsistencies that had been noted not only in the 
locality under immediate investigation, but likewise in all of the coast counties — 


from Monterey to and including the northwesterly part of Los Angeles County. 


In on one series, a after for seven en n days, the 
. Specimens were dried for three days in an oven at 150° F and then soaked in 
| water : at 70°F for four days, the complete cycle taking o one week. ~ Another 
4 set was dried for two days in the oven at 150° F and ee seven days i in water — 
160° F, the e complete e cycle re requiring nine days. 
none of these curing methods was any excessive expansion observ- 
able, , even up t to more than one year, regardless of of | the ‘source or nature of of the 
sand, except in the case of a coarse aggregate comprising 100% shale. In that 
j 7 case the expansion was s obviously due to a physical expansion ¢ of the shale which, 
when pr present in large o or r concentrated quantities, had the effect, ultimately, 


it iod under observation. — : Tn the case of the coarse aggregate with 100% shale, 
failure occurred on the ‘fifty-first ¢ _— of f wetting and and drying, at which time the 
expansion was 0. 193%. 


ap 

— 

1785 

— 
4 

7 

- 

a 
to Tm coner Dars Of une local 

&§ Fino) and the imported (Coyote) fine and coarse aggregates, and then subject a 

= 
| 
yo 
— 

at 
1D 

rs. 
— 
a, — 
le, | 


SXPANSION OF CONCRET! Papers 
ACCIDENTAL 


mortar cylinder “which. had cast and 1 


, the specimen was observed to be cov 


lative Lensth of 1-in. by 1- -in. by 10-in. Mortar Pars (Mix 1: 
- Cured for Four Months Under Various Conditions: 


b) Mortar Specimens ( (Mix Zs +2) After Curing Seven Months in Sealed Containers 


oF LABORATORY SPECIMENS AFTER CURING IN AIR, W 
= > 


white efflorescence analyzed ‘as sodium carbonate), and i in 
short time the entire specimen | became covered with cracks similar to those 
som in Fig. 2(6) and also to the crazing noted in t the pavement and other 


es in the area under investigation. - A similar condition will be noted in In 
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Expansion after 
four months, in | 
millionths of an in. 
per in. 


+7 

1, 3: 50 

40 
Sealed containe 230 


All bars contain the same quantity of | high- alkali cement (1.14%) and a neutral 


aggregate to which was added 10% of the deleterious mineral No. 28039" (see, 


3 
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| CEMENT GL; ALKALI 10% 
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102, 5, 22, 24, 21 —— 7 
23, 101, 25, 20 =— 
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ALKALT 


5 jit was apparent that, Ww hen test test specimens were kept in sealed containers, 


or at least protected from the atmosphere and: any drying out, but at the same. ; 
q time prevented from any leaching of salts b by constant immersion or alternate 
7 ‘Wetting and drying, a chemical reaction was. going on which caused an excessive 


expansion of the mortar, with ultimate | failure. 


the case of the mortar bars in Fig. 2(a). These specimens are identified, by — ee 

(see Fig. 2(a))_ cr Curing method 
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Ase series of tests was then started on 1-in. by 1 -in. by 10-in. mortar bars 
cured i in sealed containers, as well as in water, and measured for expansion at 
different ages. ~ Experience with hundreds of specimens, subsequently fabri- 


— 


cated, has invesiahiby checked the results accidently noted in the case of the 


2-in. by 4- in. mortar Specimen. _ Bars fabricated with the same sands and the | 


“same cement have invariably followed the same expansion mn pattern, : 
‘The local Oro Fino fine aggregate (sand No. 4, Appendix II, and Fig. 3) 3) 


‘used i in the Monterey County job, in ‘combination with the type of cement used : 


as in the work, always shows excessive expansion in a few months (considerable 
~ even at twenty-eight days); but the ypc (Coyote) sand (No. 20) with the 
has shown. negligible expansion in periods | exceeding ‘eighteen 

months, 

cd In Fig. 3, the s specimens were of al : 3 plastic mortar mix, and were cured 

in sealed containers. _ The C;A-content (tricalcium aluminate) does not appear 

to be a factor in the expansion reactions. Later tests on specimens stored i in 

the moist room, but protected from excess moisture, indicate the same expansion — 


Teaction a as in sealed containers. However, for the sake ol uniformity and ¢ con- 


OCEDURE 

Immediately ‘following fabrication, the test bars are cured mente four 


_ hours i in the moist room under standard conditions. 7 They are then removed 
‘from the molds, identified by marking v with an on pencil, measured, 


immediately placed i in the containers. 
_ The containers used are . regular | 6-in. by 12-in. ‘tin n cylinder molds with the 


ciently tight to seal the specimens s without any « other precautions, but if there | 

‘ is. any doubt a strip of adhesive tape is wrapped around the joint. wen 
7 oe — Only enough free water (30 ce to 50 ec) i is placed in the bottom of the con- 
; tainer to insure keeping the air humid. : The specimen rests o on the 3 3-in. _monel | 
— gage point, and therefore the mortar of the bar is not in direct contact 


Rix Eighteen l-in. by 1-in. by 10-in. - Specimens (a day’s run) are usually stored 


= in one container. The containers are stored under ordinary room temperature, 


no special effort being made to keep the temperature constant. The specimens i 


are removed from time to time for measurement and bony immediately returned 


to the containers for further curing and later tests. — ‘If rusted badly, the con- 


Other eo concrete structures in ‘this the of local sand 
_— but a different cement had been used, developed no distress up to five or six. 
s 7 years at least. = - his fact gave rise to the suspicion that the expansion n resulted 
- from a chemical reaction between certain ingredients in the aggregate and some 

2 ingredients in the cement. a Alkali i in the cement i in the form of the sodium and 


- ‘potassium — was suspected a and, as the cement used on the Bradley job 


soldered to prevent loss of moisture. The slip cover is probably suffi- 
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contained approximately 1. 14% total alkalis, the tests” were repeated with 

‘another cement low in alkali (0.45%), with definite results, in that there 1 was 
iittle if any, expansion with the low-alkali ¢ ement in combination with the 
local (Oro Fino) sand which had shown so much expansion with the 1. 14% 
alkali cement. _ The tests have been repeated many times, not only with the 
two aforementioned cements, but with other California cements of intermediate | 
alkali content and sands from within and without the coast area, 

_ The resultant | expansion has almost invariably been proportional to the 7 
alkali content of the cement, whenever used in combination with “aggregates — 
containing minerals of the deleterious type found in the area under invesitga- 
“tion. On the other hand, mortars containing commercial sands originating out-_ 
‘side of this area, and d containing negligible percentages of shale and chert, being 

‘essentially of quartz z and feldspar fragments . with some granitic and sandstone 7 
particles, have developed od little, if any expansion, even with | high ; alkali cements. — 


_ The data in Figs. 3 and 4s are offered in — of this observation, the : mix 


“how on spent Nos. 2 and 4 made after those in Fig. 3 ot expansion as — 
great as, if not ; greater than, sands Nos. 1 and 13. It would seem, therefore, | 
‘that the tests in Fig. 3 were influenced either by lack of sufficient moisture to q 


than in In fact, these two conditions s are probably the cause 
some lack of consistency in in the other sands, as uniformity o of 


sal quantitien 


percentages of shale, chert, and impure herefore, “the 
im results are consistent with the nature of the material and confirm the conclusion 
previously reached regarding the probable source of the trouble. — en. 
Within the area under investigation, 1, all of the aggregates frc commercial 
sources, , with one possible exception, contain appreciable percentages of shale 
and chert. All sands with small percentages, or entirely free, of shale and - 
oe chert show little, if any, expansion up to one year, regardless of the cement 
“used . Al sands i in the coast area relatively high in shale and chert, on = 
— other hand, develop. expansions in a few months rv roughly i in proportion to the 
alkali content of the cement. | In the latter case, negligible expansion | is ob 
served in the case of cements with less than 0. 5% alkali and high expansion 
in the case of the 1.14% alkali cement, the other cements ranging in between 
‘roughly i in proportion to the alkali (see Fig. 4). Some inconsistencies 
are noted, but not of such magnitude that t they cannot be accounted | for by 


> 


7 . It is obvious, , therefore, that. in the presence of certain minerals an other- 


- Wise sound but high-alkali cement is } a contributing factor to the excessive F 
expansion and subsequent failure of a concrete structure. ‘Under certain con- 
ditions this expansion may not be sufficient to sip ad the ‘structure and bene 
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aggregate combination. In other cases, however, the ii initial cracking, although 
above normal but not excessive, may have very serious consequences when the 
structure is subsequently subjected to attack ack by s sea or alkali waters which, 
seeping into the concrete mass through fine cracks formed from the aimee 
= - may take up the work of destruction. through corrosion of eatin) 
. steel or a r attack o1 on the vulnerable compounds of the cement itself. 
AGGREGATES: 


oe The coast , aggregates included in this study consist of mineral particles 
predominantly granitic i1 in character with some quartz- ‘feldspar, sandstone, i 
pure limestone, shale, and chert. 7 The granite, quartz- -feldspar, and sandstone 
usually comprise more than 90% of the total; the i impure limestone, shale, and ~ 
7 chert comprise the remaining 5 to 10%. — ‘Rene of the adverse reactions have 
- been traced to the first group. | Some of the minerals in the second group, how- 
> are definitely reactive under appropriate weathering conditions. — The 
minerals in in this latter group originate in the Upper Miocene sedimentary de- 
posits, According to Ralph D. Reed, 


“The Upper Miocene in California was & of widespread seas in 
whi deposition of organic siliceous shale of the Monterey type took 
a * * * Whatever conditions are necessary for the deposition of this — 


q ‘material prev vale widely during the Upper Miocene from Lower Californian 
J at least to the Northern Coast Range province and from San Joaquin — 


Valley area to the present shoreline of the Pacific Ocean.” 
a Many of the types of shale and chert found in the Upper Miocene termetionn 


of California are different in several respects from the shale and chert of other — 
= geological periods commonly found in other parts of this state and the United 7 
States. It has been clearly demonstrated by geologists that the Monterey _ 
series of the , Miocene, and | particularly the Modelo formation, is u unique in re- 
gard to petrological classification and mineralogical content. | Although most — 
; of the Modelo formation consists largely of diatomaceous, tuffaceous, and other _ 


inaiion of a an n inch i in thickness to a 2 number of feet are e intermixed throughout. 

the strata. It is common | to find lime, opaline silica, or some chalcedonic _ 
silica as the cementing material i in the shale. Int many cases opaline silica and a 
chalcedony are are the main minerals in thin lenses and layers. , The opaline : silica 
greatly predominates over chalcedony, but these silicified bands, layers, and con-— 
cretions have ni nevertheless been classified as chert by geologists other 


authorities on the petrography of the Miocene formations. 
The California cherts may | be divided into two main classifications: (dy ee 


: 
chalcedony; and (2) ‘the less group of quartzose particles 
- which includes the red and green varieties of chalcedonic silica such as radio- 
_ larian chert of the F ranciscan formations, described and named by A. C. Law- 
son,‘ as well as jasper the other varieties « of chalcedony. ‘deleterious 
particles classified as chert contain opaline silica either in the main or as a 


“Geology of California,”’ by Ralph D. Reed, 1933, p.188. 
‘ Atlas,\U. 8. Geological Survey, San Franciaeo, Folio_ 193,. "1914, 
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cementing material throughout a a shale particle. In the case of particles classi- _ 
fied as cherty shale, some of the lamine contain little or no opaline silica. 


ae Throughout the coast area under investigation, the shale, chert, and impure 
43 limestone deposits | range from types with negligible percentages of lime and — 

magnesia to a high- lime magnesia shale | which in this oe is referred to as 
‘om: magnesian limestone.’ > This classification is consistent with that 


given by William Twenhoffel,* who states that: 


“The per cent of calcium carbonate or the double carbonate of calcium 
and magnesium in sedimentary rock ranges from nothing to approximately _ 

- 100. If the per cent equals or exceeds 50, the rock may be termed a lime- 
stone. If the per cent is below 50 the rock should be assigned to some other 
group. There is, however, no sharp division between limestones and other 
‘sedimentary rocks: they grade without sharp break into the sandstones on 


shales,.as as well as is nearly every other variety ¢ of rock.” 


~ Rocks covering a w ‘ide range from zero toa comparatively high percentage 
of lime e and magnesia have been found i in the coast area, and a st sufficient number 
“of these rocks have been included i in the present study to cover the field fully. 


Months 
5 
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Mortar Mix 


Fic. 6.—Comparative Expansion or Mortars Conratninc Sanp No. 21, Iv RELATION TO Mortar 


Mix AND S1zE, THE PERCENTAGE OF Limestone N No. 28039 
REMAINING Constant AT 57 
An extensive study has been made i in an effort to ‘isolate ‘the “bad. actors” 
the mineral content. Considerable success has attended this effort. Al- 


though it “appears very probable that some form of of hydrous: silica plays ¢ a very. 


active part, the greatest reaction in the tests described herein has ; been with — 
material | classified as a siliceous Magnesian limestone (Nos. 28039 and 280394 


sodium sulfate resistance, and low rattler loss. This mineral is one of the — 
active causes of the teouble, oven when present in percentages less than 1. 00 
(see Fi Figs. 5 and 6). The high-alkali cement GS (Fig. 3) was used throughout. 
The same. aggregate with the low- alkali cement developed no expansion. _ On 


ba other hand, several of the shales and cherts which expanded ee in 
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water whem’: negligible exp expansion in sealed containers, even with a high- alk: i 
cement (see Table 1), as. contrasted with the siliceous magnesian limestone 

(No. 28039), which developed n no expansion when 1 cured in water but high ex- 
pansion in sealed containers. 

TABLE 1- COMPARATIVE | EXPANSION OF Morrars oF or Sanp No. 21 WITH 
10% a oF Dirrerent Types oF Crusnep SHALE Cuert, 

Striceous MAGNESIAN LIMESTONE. AND A 


=i (In Millionths of a a Unit | per Unit) | 


No. 28038 0. 28039 | No. 28042 | No. 28044 | No. 28045 | No. 28046 


9 months 


@ See Appendix I; all specimens. were cured i in sealed containers. 


= of-this impure limestone is due entirely to some dei of an or in part to 
- the magnesium carbonate. — If it is due in any part to the magnesium a 


the probable chemical reactions in this respect are as follows: a 


ne 


The sodium oxide in | the cement hy hy -drates to form sodium hydroxide. - The 
sodium hydroxide, in ti turn, probably reacts: with at least some form of the 


4 magnesium carbonate in the siliceous magnesian limestone to form magnesium 


_ hydroxide ane em carbonate; thus: 
Mg CO; +2Na + 


‘The sodium carbonate ultimately crystallizes w with seven to ten molecules sof 


_ water, with an increase in volume, and thus causes expansion on of considerable 
‘magnitude, resulting in stresses sufficient to rupture the concrete. The ap- 
_ proximate volume change may be computed theoretically from Eq. . 1, assuming 
following specific gravities: 


Description 


Sodium hydroxide. . 
Magnesian 


carbonate including 10 ‘molecules: of He O. 460 


| 

— a 
No. 19374 | No. 28037 ag 
th 
— | months | +2065 | — 3 | ac 
a 

= 
| 
— 
— 
All 
— 
— Specific mravity 
ii pA = 
‘no 
— are 
If they it} the following Tes 


OF CONCRE 


wl Ww weight _ 84. 33. 7.7\ 


gravity 3037 277 65. 3 (Combined: volume of re- 


acting components) 
: 


resets to form: 


221.36 (Combined volume of ne 
products) 


7 
al 
10 =: 280.17 196.00 


46 146 


| ora an increase in volume of 230%. 
To check the accuracy of this assumption, tests were made to determine the > 


| - _ action of sodium hydroxide 1 upon various materials that might be present i in the © 
aggregate, such as is Magnesium carbonate, calcite, dolomite, ete., as well as on © 
the siliceous magnesian limestone. 
J 7 he method used was to subject the substance under observation to the 
action of a normal sodium hydroxide solution for seventy-two hours, excluding 
the possibility of contamination by atmospheric carbon dioxide. A portion of 
_ the clear liquid was titrated with normal hydrochloric acid using methyl orange ~ = 
as an indicator. A second volume equal to that used in the methyl « orange — 
— was treated with barium chloride solution to precipitate the carbonates 
» and then titrated with normal hydrochloric acid with phenolphthalein as the ‘é 
> indicator. _ Thed difference between the volumes of acid used in these determina- ’ 


was computed to sodium carbonate. 


(a) Standard calcite yielded only a trace of sodium carbonate as NasCOs; 


(6) Bakers ¢ calcium carbonate likewise yielded « only : a trace; 
1 (c) Dolomite with 7 7.1% Mg C O yielded 1.06% NazC Os 
- (d) Technical hydrated magnesium carbonate yielded 51.00% NazCO3; and 
3 (e) The siliceous magnesian lime stone with 15. yielded 8. 


All material was crushed to pass an 80-mesh screen before test. My A= 


= T hese results indicated that sodium hydroxide r reacts with certain forms of 7 


magnesium carbonate » but not with carbonate of lime. It appears: that some 


similar reaction occurs in the case of at least some of the hydrous 5 sllionten. 
"Although some early expansion due to physical causes may be expected from 
some of the shales, and therefore the percentage of such shales should be = 

to a reasonable minimum (controlled by the sodium or magnesium sulfate test), 
nevertheless, w hen held to comparatively low limits, the expansive force may . 
“not be ’ sufficient 1 to cause rupture except in the nature of popouts when particles -_ 
are close to the surface. This conclusion i is confirmed by observation of nu- 


ROT 


-Merous structures wae, except for surface popouts, show no distress over a 


— 

e 

,* 

ng 5 

4 

2 


period of years even if the aggregate contains a relatively high percentage of 7 
_ many of the types of shale found i in the area under investigation. - With some | 
_ cherts and shales, how ever, in addition to the siliceous magnesian n limestone, a | 
_ chemical reaction of a decidedly destructive nature always takes place in the | 


4 An astonishing development was the effect of a very small percentage of the | 
sion in that period being almost identical with the expansion of sand 


--- Jime- magnesia rock. _ As s will be seen by reference to Fig. 5(a), as low s as 


No. 1 in the same period of time, indicating that sand No. 1 contains not more 


00% of deleterious particles but that even this low percentage is 
i The particle : size e of this mineral also has an impor tant bearing « on the resul - — 


It was thought that, by crushing the deleterious particles, to pass 200- mesh 
_ completely, an accelerated reaction might be had. ‘The reverse was the case, 
7 as specimens fabricated with ——80- mesh particles developed no expansion in 
containers, whereas the 30-mesh to -+80-mesh particle specimens 
_ showed the greatest expansion (see Fig. 6(b)). ‘Therefore, it appears that the 
reaction between the reactive i ingredient in the aggregate and the alkali in the 
cement, when the aggregate is in a finely divided state, is either dissipated 
throughout the mass in such a , Way as to cause no high expansive forces or the 
_ reaction is largely over before the concrete attains permanent set. One theory 
7 - that the expansion is taken 1 up in the interstices and by the gel, thus reducing 
the manifestation of the reaction to negligible proportions. 


| MERRIMAN ALKALINITY | AND ALKALI TEST 


‘i The Me Mertiman test® for alkalinity onl free alkali was applied to the cements, 
but it was found that this test was not alwé ays ¢ consistent with the results. 8. One 


cement, relative ely low in the Merriman test, but with high alkali as determined 
_ by chemical analysis, developed high expansion; and its action, therefore, was 


consistent with the total alkali as determined from n the chemical s analys sis s rather ; 
than with the percentage of soluble alkali as determined by the Merriman test. 4 
Another cement with a » high Merriman test, but low in alkali as determined by — 
the chemical analysis, gave low expansion results. | he reason for the dis a 
crepancy appears to be that the sol soluble portions of some cements go into > solu- . 
tion much more slowly than others. The conclusion has been reached, there 


fore, that the Merriman test pgm in its present { form at a 


Tests | made on from all of the commercial sources 

within the e region affected and from several sources outside of this area for com- 

: parison purposes; - they have been made also on most of the commercial cements 

manufactured in California ranging in alkali content from less as 0.50% to 


approximately 1.14% (Table 5, Appendix III). | a 


Specifications for Cement, of W ‘Supply, City York. 
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December, 1940 ANSION OF CONCRETE 
As previously stated, negligible expansion developed with sands from 

a side the affected area. With one exception, all of the local sands showed = - 
expansion in proportion to the alkali content of the cement. With the excep- 
tion of the one sand, all of the samples contained from 5% to 10% of shale 7 
chert, and the siliceous magnesian limestone. — The s sample of sand (sand No. 
5) from the one deposit which failed to react was subsequently analyzed and — 
- found to contain only a very small percentage of the deleterious particles. 

q ~ Numerous combinations have been made of | aggregate from all commercial 

i: deposits and cement from most of the California mills. For check purposes, — 


the study has been expanded to ) include, also, several cements from other parts 
of the United States. 

- - Following a visit to the laboratory, when he was in California during the — 
‘summer of 1939, the late Thaddeus Merriman, M. Am. Soc. Cc. E., who %) 


much interested in the study, forwarded a sample ¢ of low-alkali | cement (0.47%) 


from: a Lehigh Valley plant (cement N in Table 5, _ Appendix III); - and Ira Paul 
¢ of the New Y ork State Highway Department furnished a sample of 0. 647% 
) alkali cement from a New York plant (cement R) + Through F.V.R eagel of the 


State and W. E. Gibson, Assoc. Am. 


| = been tested i in ‘combination with the Oro Fino and Cente sands. oie. 
4 he expansion reactions have paralleled the reactions of the California. 
brands. " Cement M witha a high-alkali content (0. 83%) has developed excessive : 
expansion . with the Oro Fino sand (4,010 millionths of a unit per unit in fourteen” i 
months) and negligible expansion with the Coyote sand, whereas cements N, 
0, and R, comparatively low in alkali, have dev eloped little if : any y expansion 


wh either the Oro Fino or Coyote sands. a oa 


4 : More than 3,000 1-in. by 1-in. by 10-in. mmtere specimens of all combinations 

d | were fabricated and tested for expansion under different curing methods. The > Pe 
Ss _ present status of ‘knowledge of the subject was only arrived at through following 

- numerous leads, some of which led into blind alleys and others of which were - 

t. ‘productive of results pointing the way and nd suggesting ad or 

Series I. —This series was started i in May, 1938, included only th tw 

sands used on the Bradley job. Several coarse > aggregates were including 

chert, shale, granite, and an altered dacite. 
ot 


The cements in this first series were of the brand used in the Bradley .. 

; (a high-alkali cement) and in addition a low-alkali cement from another mill. 
~The test specimens consisted of 2-in. by 2-in. by 114-in. bars of six-sack con-— 
crete, using 50% sand and 50% coarse aggregate, yor the maximum size was 
{in. One set of bars was cured i in w ater, one set in air, and other sets alter- 
_ nately soaked and dried at air and w: water temper ‘atures ranging from 70°F to 


' 160° F. _ These tests produced 1 no results of value, even up to one year, and at no 


ate time duplicated field experience » with the local fine a aggregate and job cement> 
" Pll. All specimens « cured in water showed a slight expansion in the earlier period, — 
“it bu by 200 days all showed shrinkage from the peak length. Ato one year all, 
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= aggregate § specimens (ledge shale | from Oro Fino Canyon), which showed “ 


All specimens cured in air at laboratory temperature showed ‘Shrinkages 
— from 0.1% to 0. 3%, but no o cracking. — In the alternately wet and dry 
_ group, there was ‘shrinkage « or negligible expansion with the exception of of the 
- coarse ageregate specimen of 100% shale which, by the fifty-first cycle, had 
expanded 0.193% and failed by cracking. 


Series IA. Shortly a after Series I was started, supplementary specimens of 


the s same size were . placed under similar test, using aggregates from various 
"spots i in the Oro Fino deposit, and also from other commercial sources through- 
out. the district. between. Monterey and Los . Angeles. counties. Again the 
a Series II. —After Series I and IA had been under way r Way approximately three 
j months, the condition of the 2-i -in. by 4- in. mortar specimens cured in a sealed 
: _ container was observed, and a new series was immediately started, the specimens — 
in this series being fabricated in September and October, 1938. Because of the 
expense and labor involved i in fabricating and ‘Measuring concrete 


in the sealed container that the fine aggregate was: considerably more reactiv e, 
at early stages at least, than the coarse aggregate, Series II consisted of fine- 
j aggregate mortar ar specimens ‘only, and the specimens | in all ‘subsequent series, 
except one, were re mortar § specimens. At the start, six l-in. by l-in. by 10-in. 
pe 1:3 mortar bars were fabricated from each mix for curing under different 


- apr and the results reported are the average of several specimens. As _ 
2 mortars were found much more reactive, ‘specimens 


mercial sources the area; seven sources, free 
Of shale and chert; and in addition a crushed diorite and a crushed quartz. 
- . oe little information at that time relative to the most probable s source of the 
trouble, and to ascertain if the situation could be corrected by the use of alow 
GA cement, two types of the brand of cement used on the Bradley job were 
- ineluded: (1) The job cement with 10. 3% C3A and 1. 14% alkali, and (2) a 
modified cement from the same mill containing 5.6% C3A and 1.10% alkali. 


To hold the amount of ' testing toa minimum , no other cements were included 


_in Series II. hight 


cement. A water -cement ratio (0. 94) was used, the vary ing 
14 in. to 231 in. with the natural sands, 1 in. to 1} in. for sands havi ing rock chips 
in the coarser sizes, , and $ in. to 1} in. for the crushed quartz and diorite. Some 
of the specimens were cured onitentay in water, some in air, some alternately 
wet and dry, and some in sealed containers in the Presence | of a slight amount 


7 . As. no material reaction was expected short of six months, the sealed con- 

-tainers were not opened or the specimens measured until six I months had elapsed. 

‘The reaction was found to be so extensive by this time (Fig. 3) that in all 
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subsequent series the measurements were started at earlier | periods. After 
- measuring, the specimens were returned to the sealed containers for further 
curing and measurement at subsequent test periods, usually monthly. At a 
months all of the sands from the shale-chert infected area, except one, showed | 
considerable expansion. exception was the sand which was subsequently 
found to be low in shale and chert. ; se 
Al of the sands from outside the infected area, except one (all. of which 
have a good construction history), showed either only a slight expansion oa 
_ shrinkage at six months. : = relative condition has persisted throughout the 
~ entire test period to date. The expansion of the one exception (No. 27 in Fig. 
3) was not especially high, but, as it was decidedly out of line with the others, 
a thorough study is being made (1940) to ascertain the cause. 
"Mortar ey linders. (2 in. by 4in. .) for compression tests, fabricated from the 
same mixes as the bars and cured in water, developed equal strengths up to 
one year for the poor or and the good sands. _ Later specimens cured in aed 
containers showed a gradual - falling off in ‘strength: with age whenever the 
infected sands were used. 
soon as Series II was well under way and time permitted, 
a a third series was started similar to Series II, but including a . number of other 
California brands of cement r ranging from low to high alkali. In addition : 
the bars, 2-in. by 4- -in. mortar cylinders were cast an and cured in sealed containers 
for breaking at twenty- y-eight days, | six months, and « one, two, and five years. 
As i the ‘previous ‘ser ies, all bars continuously in water r expanded 
. The first expansion measurements _ 
of the specimens cured in sealed containers were made at one hundred days. 7 — 


Even at that period, considerable expansion was — in the case of the 


tain reactive, the next step was to determine, possible, which 
mineral i ingre edient or ingredients in in the sands were the source of the » trouble. = 
Since all minerals | except the shale and chert had been removed from st suspicion 
previous tests on selected sands, fo four suspected | | minerals were selected from 
' the infected area, including a diatomaceous shale (No. 28037); : a chert (No. 
- 28038); and a calcareous shale (No. eee later classified as a siliceous mag- 
_ hesian limestone (Table 4, Appendix I). These shales and cherts were crushed 
to pass a No. 3 screen and were ‘combined in various percentages wi with a neutral 
sand (No. ). 21) from the Russian River, north of San Francisco Bay, — 


This ser series was later 2 expanded to include a serpentine found in the coast 
Bee a calcareous shale (No. 19374) with approximately 6% % CaO but low 
magnesia, a siliceous chert | (No. 19375), ‘and two opaline cherty s shales” (Nos. 
28045 > and 28046). — An opal and an opalized chert were likewise included to 
: determine the effect of an opaline silica. Crushed limestone was used in other | 
specimens. 
‘The conclusion from { this test was that the principal ingredient i in 1 the sand: 
contributing to the abnormal volume change was the “siliceous magnesian 
2 _ limestone” and that probably the magnesia in the form of Mg CQ; in this rock i? - > 
was one of of the active reagents with the sodium h hydroxide from the sodium oxide. 
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mens of No. ator but was 5 Tikewise noted, although t to a lesser degree, with the 
laminated calcareous shale No. 19374, opaline shales Nos. 


xpansion 
occurred with even as low as 24 of No. 28039, ‘the series was expanded to 


OTHER TESTS 


Later test series have included to effect of: 


lid 


WwW ashing out the cement, tre eating the ‘aggregate: with 


this resultant liquor, and then testing for expansion; 


(3) Admixtures such as. as pumicite, celite, ground Ottawa sand , calcium 


the sand with sodium hydroxide and hydrochloric acid; 
V the quantity of cement, using 1 1:2, and 1:1 


7 — (6) Methods of acceler reaction by heating : so as to reduc ce th 
er Most of these later tests have not been conducted long enough 1 to produce — 
conclusive data of value. Apparently, however, the test cannot be accelerated 
_ by heat, by the autoclave, or by pulverizing the deleterious materials, but can 
be accelerated by using 1 : 2 mortar mixes instead of 1 : 3 and adding from 5 % 


s 20% of the reactive minerals crushed and screened to the size range, a 

“¥ The addition of a puzzolanic material seems to be effective, as 25% pumicite | 


substituted for an ¢ equivalent weight of high- alkali ¢ cement reduced the << on 


Ottawa sand, however, was and calcium chloride had little 
effect (see Fig. The reaction with the puzzolanic- -type cement included i 
- Series II (HP in Fig. 4) was likewi 


cements of the > same or less alkali content. Vi 


Treating the Oro ino sand with water with, , and then leached from, 


a high- alkali cement, or with a solution of sodium hydroxide, ap apparently stops 
_ any subsequent reaction; but treating with a hydrochloric : acid solution is 

ineffective. «4 This would indicate that it may be some form of. silicate e rather 
than carbonate which causes the trouble. 


on mortar later series consisted of 6-in. by 6 by 30-in. speci 
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December, 1940 EXPANSION OF CONCRETE 
‘mens of six-sack conerete, u using different combinations of f good and bad coarse 


and fine t aggregates. > Specimens of each mix were cured, sealed in water, , and a 
— kept continuously dry at laboratory humidity and temperature. This 
test has _ i rogress too short a a time, however, to produce information — 
value. 


| 


= 


7 


in Millionths of a Unit per Unit —_ 


000 —- 
> 
= Sand 4C~_, 
5°. Groun 
s “4 B+2 Grout 
1000 
1 
a AB+25% Pumicite~ 
q We. 7.—Errecr oF Varrous ADMIXTURES ON THE Expansion or A Hiaa- AUKALE 
e Cgmenr and Reactive Sanp Mortar (1: 3Mrx) 


le 
n | _ Although the laboratory investigations described herein conclusively demon- a 


= 

rd 2 “ad a very destructive chemical reaction between a high-alkali cement and 
ale e ‘some ingredient in the siliceous magnesian limestones, nevertheless one cannot 
= i overlook the fact that some chemical action is also taking place i in the presence 
my aS 4 some types of the low lime-magnesian shales and cherts, as evidenced by the 
ps data shown i 1 in Table 1, as well as bya a study of the extensive popouts observed © 
pes 
a structures, including pavements , bridges, and buildings where 
* shale or chert ‘Particles a are invariably found at the base of the popouts, ‘fre- 
s quently” accompanied by a soft viscous substance analyzed as a silica gel with 
7 some form of sodium silicate. Figs. 8(a) and 8(b) are views of large popouts © 
from the basement of the old Times Building i in Los Angeles. Fig. 8(@) isa part 


a in. popout showing at: (a) Sodium silicate gel; (b) an intermediate zone 
of partly altered shale; ond (c) pony unaltered rock. The chemical analyses ; 
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EXPANSION OF CONCRETE Papers 
of these nies, given in Table 2, were necessarily n made on very small io 
: mens and may therefore be inaccurate in some details. Fig. , 8(b) shows s altered 
nd unaltered parts of the mineral that caused the popout. 
7 : The aforementioned silica gel frequently has been observed exuding from 
cracks or pores in the face of concrete structures in which aggregates and c ce- 


2.—CHEMICAL oF 3 GEL _Founp IN THE 


altered Ge unaltered 

shale | 

Upper | Lower | 

layer | layer 


mWOSNS 


Sr 


met 


ments similar to those under investigation had been used. _ This type of gel 
has also been found throughout the cores and pieces of concrete examined from 
- all of the failed pavements and structures. In some cases a number of aggre- 
— gate particles had entirely al altered to gel, so that it t often swelled out above a 
freshly cut surface of a concrete s specimen. In many cases the reaction has only 
partly progressed into particles identified as siliceous shales or cherts of a type 


_telatively free from lime and magnesium carbonates. s. Although the gel has 


usually been found in a plastic state in fresh popouts, and in specimens cut from - 
: _ beyond the exposed surfaces of the concrete pavements and structures, it 
hardens readily | and shrinks when dried on exposure to the air. bo ee 
_A detailed examination was made of approximately 200 popout a1 and core 


_ _specimens removed from the affected buildings, sea walls, bridges, and “pave- 


part of the Salinas Valley. As. defined by Allan H. Nicol, ‘mineral technologist 
for the State Division of Highways, each popout particle had associated with 
it a considerable amount of optically isotropic material of very low index of 
refraction. This material was identified as opaline silica with complex sodium 
‘silicates and was found to have indexes ranging from 1.41 to 1. 54. This 

; ‘substance, which was slightly plastic before drying, i is hereafter referred to as. 

a? “gel.” ain It was found that the index of refraction of the dried gel increased w ith 


the wile. ‘The clear, glassy variety had indexes es ranging from 1.41 to 1.47. 


¥ 


— 
4 4 
— 
| 
u 
— 
— 

a Moisture. | 12.63 8.92 12] 3.23] 9.69 
Combined and organic matter..| .... | 9.81 5.84 80] 3.41] 6.96 5.00 
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The ye yellow and pale brown types showed values from 1.46 to 1. 49, whereas with 
_ the brown to dark brown types the values ranged from 1.47 to 1.54. a 


_ Microchemical tests showed that the type of gel with alow refractive index 
a ‘nearly pure opaline’ silica, relatively free sodium, magnesium, 
aluminum, calcium, and iron salts, whereas the yellow, , amber, and brown 
_-varieties, which predominated i in many specimens,. contained increasing per- 


“centages of § silicates and. other T compounds of these and other elements. The 


presence of these ‘compounds, , together with a a variable content of 
; water, undoubtedly could account for the variable refractive indexes. = 


Most of this gel is fluorescent under ultraviolet light. A strong fluorescence 
es observed i in the expansion bars and mortar cylinders which carried verte 


in this case is due to gel derived from — part ticles. of No. 28039 i in the > agg regate, 


48 the rock i in its original ‘unaltered condition does 1 not fluoresce. Soe 7 


‘The gel- -like material associated w | with these specimens s contains opaline ie, 
with varying amounts of sodium, magnesium, aluminum, calcium, and inen 


_. compounds. All of the gel examined on popouts, and in the cores and broken 
concrete from the various sources, —_— similarity of optical ‘properties and 


chemical composition. | 
= Siliceous, calcareous, and cher ty shales were th the pr rineipal petrographic ty pes ; 
with the popouts. and the gels found in the concrete | specimens. 


Chert was also commonly found, but it was impossible to determine how many — 


of the e completely : alter wel may have been chert before the reaction. 
The dark gel carrying the impurities was usually associated with dark-— 


colored, , organic, siliceous shale or chert. The light-colored gel was normally 
found with light-colored shale or chert , usually cream, tan, or buff. >: hese 


_ light-colored shales and cherts were generally more free from | organic material 


and fossil remnants than their dark-colored equivalents. Sb = oo 


It can be reasoned that this in the of 


of. opaline silica, ‘silicates, ‘and a “partial proof of this 
sumption, white deposits or incrustations containing more than 50% 


have been found on the protected parts of ‘structures where neither surface 


on which the deposit: occurred - Presumably this sodium was in the for form of | 
sodium hydroxide i in the concrete and was changed to sodium carbonate by | 
carbon dioxide derived from the 
ery this” reasoning, ‘mineralogy has well established the fact that 
hydrous forms of silica, such as opaline, , are readily dissolved in in either sodium 
or potassium hydroxide solutions, and also that these forms of silica are e found 


in abundance throughout some of the Miocene formations i in the area under eg 


discussion. All siliceous shales and cherts, ‘therefore, subject to question, 
in connection with the chemical reaction resulting in the gel substance. Exten- 
sive tests sh show that many types of shale and chert found i in the gravel deposits 
5 are readily dissolved and disintegrated by , soaking i ina 10% solution of sodium 


water nor ground water could come directly in contact with the concrete surface i oa 
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hydroxide. In Fig. 9 e shown twe materials— 

specimens cut from ledge rock, and 3-in. shale and chert particles from ‘stream-— 
bedgravel deposits, 
Although these tests show only that the gel type of chemical action ac- 
-companying popouts and expansion failures can be approximately duplicated _ 7 
in the laboratory by the use of a sodium hydroxide (Na OH) solution, additional _ 
tests indicate that a similar action occurs when these types of aggregate are 

soaked in the 1 mixing - water from high- alkali cements. The chemical composi- 7 7 


4 


<— 


SOAKING 

(a) Specimens Cut from Ledge Rock Stream- Bed 


Fic. 9.—Errzcr or a 10% Soprum Hyproxipgp So.urion (at 70° F) on Some Typzs or 


(Cuerty) SHALE AND CuERT FROM THE CALIFORNIA MIOCENE FORMATIONS 
tion of water containing alkali, leached from a low-alkali (0.45%) and a high- 
alkali (1. 14%) cement, is shown in Table 3, together with the change in each 
solution, after digesting for 120 hr at , coaell F with Oro Fino sand containing 
about ut 9% of chert shale 
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EXPANSION OF apers 
“high- alkali cement dissolved approximately ten ti — more silica during ~ 
treatment than the water from the low-alkali cement. a 
Figs. 8(c) and 8d) show two typical popouts of the type accompanied by 
relatively large deposits of f gel. it will be noted from Table 2 that these pide 
“TABLE 3. oF WATERS FROM A Low-ALKALt 
A CEMENT AND THE SoLuTIONS AFTER 
GESTING For 120 Hr at 200° F Oro Fino SAND 
9% OF SHALE AND CHERT 


(In Parts per Million) 


‘Deseription 


d SoLUTIONS AFTER DicEstine 
WITH Sanp: 


Alkalies (Na and K) reported as Na:0. > 3-mesh to 10-mesh_ 
~ particles have chemical compositions somewhat similar to No. 28042 (Table - 4, 
_ Appendix I), particularly in regard to lime, , Magnesia, and alkali, although t the 
shale in Figs. 8(a) and 8(b) is very much harder than that in Figs. 8(c) and 
_. 8(d), or the soft shale represented by No. , 28042. _ Even if the gel type of reac- 
_ tion accompanies many popouts and other expansion failures observed i in the 
; field and also can be accounted for, at least theoretically, when a high-alkali — 
; cement is used, the volume change and the exact source of the stress causing 


the popouts and accompanying the reaction require further omnes 


The tests described herein justify the following conclusions: 


mineral constituents 3 in concrete contribu ite to expan- 


 f Some shales expand excessively when saturated with water or when they 
are alternately wet and dry and, therefore, the percentage of such material should 
be kept to a practical 1 minimum. This action, however, appears to be physical 


and of much less intensity reaction with minerals. 


rocks found in the aggregates from the Upper. Miocene py deposits 
of the state and frequently in the presence of some of the low-magnesia, low- 


4, . The chemical reaction producing excessive expansion apparently occurs 
only when the portland cement component contains an | appreciable percentage 
of alkali in the form of sodium and potassium oxides. It is of an intensity 


_ proportional to the percentage of such oxides, apparently being of such nae * 


io “order a as to be negligible when the alkali content i is less than 0. 6%. : 
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poner project of the California Division of Highways, of which State Highway 
Engineer Charles H. ‘Purcell, Assoc. M. Am. Soe. C. E., is chief. The writer is 
to the following members of his s staff, all of whem have contributed | 


nes first cheurved the ieeteaand expansion of specimens cured in n sealed 
containers and for subsequent direction « of the fabrication and measurement of 


test specimens and intelligent analysis of results; G. H. P. Lichthardt, chief 
chemist, for the direction of all chemical analyses and the development of the 


theory of the probable reactions; O. J. Porter, senior physical testing engineer — 


and head of the Aggregate 2 and Soils Department, and his assistant, Mr. Nicol, 
for their | contribution to | the and pe classification and id discus- 


te, 

APPE! APPENDIX IX I 


Miners Ip: BNTIFIC ON 
The dhensieal analysis and physical properties ‘of a few of the Miocene 


‘shales, cherts, and im pure limestones, found in the coast area between Monterey — 
and Los Angeles, Calif., are given in Table a. Each sample is identified by a 


laboratory test that identifies the detailed of 


"toamete an impalpable mixtene of clay, opaline silica, and sericite, 
--earrying abundant fragments of quartz, orthoclase, chalcedony, and calcite, 
_ with some marcasite. Organic matter and fossil relics, including fora- 
_ minifera and diatoms, are found occasionally as stringy accumulations 
parallel with the lamine. The chalcedony occurs chiefly as fragmental 
grains, with an occasional veinlet. A few small clay lenses were observed 
without any appreciable embedded mineral grains of sufficient size to be 
identified. The laminations in this rock are quite high in clay and opaline 
Silica, and carry the thickest layers of organic matter and fossils. This 
could d explain the ease ease W ith which this material splits apart. al _- 


Predominant evidence of chalcedonic replacement of the shaly portions 
of this rock. groundmass is verge 


entire 
and 
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E 4. —CHEMICAL en AND Puvatcat PROPERTIES OF SHALES, 


(All Values Are Percentages) | 


Lasoratory Test Nos.: 


| Formula, 
19374 | 19375 | 28037 28038 


Alumina. ........ 


8 


Carbonates 


‘ 


BONN ROW 


NO oP 


Totals 
Average loss, Na2SO, 
Rattler Test:> 
j 100 revolutions. . 
500 revolutions 
Specific Gravity: 
Le Chatlier 
Saturated surface dry 


Absorption: 


ob 


o 


3.12 


1 42 
3 33 
3 3 
4 — 
5 24 
6 .55 
7 .20 
8 .02 
9 .92 
0 .58 
.82 
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a few fragments of plagioclase and con- 
sists chiefly of diatoms and other opaline material, together with clay, 
some mica (probably sericite), and a variable | amount of “organic matter. 


— Opaline material, with some organic matter, matter, and a few fine e chalcedony 


fragments constitute the groundmass of this speciman. ' The groundmass 
is pierced throughout the entire length of the slide by a a series of fine 
-—Ghaleedony ve veinlets that t average abo about 0 0.15 mm in width. These veinlets 
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2.63 
= 259 
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EXPANSION OF CONCRETE 
are all more or less parallel with each © other and are ¢ apparently conform- 
able with the bedding. __ They also parallel the heavy layers of ounce 
groundmass. “Canals” or veinlets are in portions partly opaline. No 
fossils or diatoms were noticed. _ Chalcedony of veinlets is of flamboyant Ss 
— type and carries minute opaque inclusions, possibly marcasite. “Many 
° canals or veinlets not entirely sealed from wall to wall by opaline cement, - 
Weaving fissures and openings. 


No. ». 28089—Siliceous Ma agnesian Limestone: 
_A groundmass composed principally of chalcedony, dolomite, and 
7 calcite. The dolomite occurs as rhombohedrons; calcite shows excellent 
twinning lamelle; the chalcedony is flamboyant and shows aggregate 
polarization under X nicols. A few diatoms present in the groundmass, ~ 
many showing replacement by calcite, dolomite, or chalcedony. Irregular 
patches of organic matter, , concentrated near tl the chalcedony. 
No. 0. 280}2—Soft. Shale (Santa Margarita Formation): 
— Quartz and other mineral grains are very abundant in this ; material 
(over 25% of groundmass). _ Groundmass carries abundant organic matter 
and finely disseminated marcasite. No evidence of siliceous replacement. _ 
No diatoms or other micro-fossils observed. Cracks and fissures numerous. — 
Cement of groundmass chiefly clay. No evidence of recrystallization— — 
hence, material is probably quite soft and friable. — _ Average size of grains ~ 
- approximately 0.039 mm. Consist principally of quartz, with some plagio- 
clase and actinolite. Quartz has inclusions, possibly rutile. Organic matter 
strung out parallel to lamine. This sample also carries a considerable 
amount of an anisotropic, pleochroic mineral (index greater than balsam) _ 


0. 19374 and to No. 28046, under 7 
It is of ate ‘one geological age as No. 19374 
and a 28046, as pa le by the foraminifera and other fossils, which 
show partial chalcedonic replacement. _ The groundmass appears to be 
an intimate mixture of chiefly opaline silica with a small amount of dia- 
- genetic glauconite and clayey portions, with traces of organic matter. 
A The latter is of fairly uniform distribution throughout the slide. Em- 
_ bedded in this groundmass are abundant coarse detrital grains of quartz, 
orthoclase, and plagioclase. Numerous feldspars appear partly glauconi- 
tized. Chalcedony is not very abundant in the groundmass, except as a 
replacement of the fossils. No free calcite or dolomite as fragments or 
veins was observed. This material differs from No. 19374 by a lower 
 ealcite-dolomite content, and by a higher amount of detrital quartz and 
as well as more uniform distribution of the organic matter. 


— 
No. 28046- ~Opaline Cherly ‘Shale: 
‘This rock is of the same geological age as No. 19374 and No. 28045 and > 
_ Strongly resembles them. The following differences, however, are note- 
worthy: In No. 28046 the detrital quartz and feldspar content is lower, 
and these grains are smaller; spherules of chalcedony are fairly abundant 
in the groundmass; glauconite and organic matter are more plentiful than 
= in No. 28045 and occur in concentrated form parallel with the laminz; 
_ although the groundmass is composed chiefly of opaline silica, it neverthe- 
less appears partly pleochroic under high power and indicates the presence 
of intermixed diagenetic minerals (formed after deposition). No free’ ¥ 
BB ey or calcite was observed in this material, and what lime content is _ 
ound woe chemical — will ll be due in in lar "ge part to “ fossils and the — 
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detrital plagioclase gra grains. Due to concentration of o organic “matter and 
clay in definite layers, this rock is more laminated than No. 28045, and 
the evident lack of opaline replacement these lamin have laminas suggeete the 
easy cleavability of this 1 material = 


No. 30704—(Dark) Opaline | Chert: 


Dark brown stringy accumulations of organic matter 


- fragment i is enclosed by opaline groundmass. - Sample carries a few chan- 
nels of brecciated material, cemented by opaline veinlets and clay. The 

- quartz and orthoclase are the only recognizable anisotropic minerals ob- 
served in this material. Matrix | predominantly opaline silica with some 
undistinguishable clay minerals. Material | shows no evidence of chalee- 
donic replacements, and no fossils. 


APPENDIX II 

Sanp IDENTIFICATION 


— I. —In this group rock fragments consist chiefly of granitic rock and 
7 . = with less than 15% quartzite, rhyolite, andesite, siltstone, and lime- 


stone, and from 4% to 15% shale and chert. . The mineral grains consist ¢ chiefly 


quartz feldspar, with less than 10% of pyroxene, amphibole, ‘mica, 
magnetite, hematite, limonite, s serpentine, and calcite. . Sands Nos. 1 to 6 i in 
this group were secured from the following places: | 
Santa Clara at Saticoy, Ventura County 
Si River at Sisquoc, Santa Barbara County 
Piru Creek at Santa Clara River, Ventura County 
Oro Fino, tributary to Salinas River, Monterey County y 
Bank adjacent to Salinas River at Atascadero, San Luis Obispo County 
D8 Salinas River at Templeton, San Luis Obispo County. 


-? Pines II.—Rock - fragments in in Group II consist chiefly 0 of granitic rock and 
gneiss in Southern California, and of graywacke (sandstone) in Northern 
‘California, with less than 10% of basalt, andesite, quartzite, and jasper and 


and chert. Mineral g grains in Group II are similar | 
to Group L- Sands Nos. 20 24 in this group were found in: 
Coyote Creek, Santa Clara County 
Russian River, Healdsburg, Sonoma County 
Livermore Valley, Alameda County 
Near Olympia, Santa Cruz County __ 
Roscoe, San Fernando Valley, Los County 
indale, San Gabriel Valley, Los Angeles County 


26 Monrovia, San Gabriel Valley, Los Angeles County 
27 San River at Friant, Fr resno County 
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— III.—The sands in Group III were made by crushing ledge rock to 
the desired gradation. —_— Nos. 101 and 102 in this group were found in: 


“Crushed diorite, Logan, San Benito County 
Crushed quartz, Jackson, Calaveras County. 
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Cement CLASSIFICATION 


ments used in the investigation were analyz ed as shown in Table 5. 


TABLE —CEMENT ANALYSES © 


Compounp 
ANALYSIS (PeRcENTAGES) Composition 
(PERCENTAGES) 
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In the identifying letters given in the f first column, the first letter refers to the 


brand ¢ and the second letter to the type of cement, as follows: 


= Standard cement; in some cases the standard product ‘contains less 
than 8% of C3A and therefore might also be classified asalow or __ 
moderately low C;A cement. 
: = Cement having less than 8% C3A and complying with . American Asso- 
ciation of State Highway Officials Specification M-60-38 as dis-. 
tinguished from the standard product of the he same “manufacturer 
with higher C;A content. 
= Low-heat type A. 
= Portland- puzzolan; insoluble, 15.44; all other cements less than 0.85% _ 


insoluble; cements M, N, 0, and R are from mills outside California. 
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| 102, 
The ce 
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Ce- 
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AS | 22.76 | 2.00 | 4.02 | 66.04 | 1 5 
BL | 23.76 | 2.48 | 4.34 | 64.58 | 1 2 
| 20.42 | 5.68 | 5.92 | 62.86 | 1 
| 21.57 | 3.52 
FL | 23.34 
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AND T UNNEL APPROACHES 


_ 


BY JOHN CURTIN, JUN. AM. 


 Joun F Curtin,” Jun. Am. letter) 
premise of this paper is that the approaches to bridge and tunnels govern the 
capacity and accessibility y of these structures. Corollary with this is the 
premise that the characteristics: of the motor vehicle and the inherent limita- _ 
. tions of its operator are primary - considerations i in the design of these facilities. _ 
Iti is gratifying to note that all of those who have been kind enough to 
7 ‘submit discussions | on this paper are substantially in agreement with the 
contentions. of them have contributed additional material to 
substantiate the ‘premises and t to broaden their application. The > writer is 
“grateful for these additions as well as for the discussion in which exceptions — 
= made to certain of the design ¢ considerations as presented. The latter is - 
more interesting, perhaps, for it reveals the statements wherein the writer has — 
not been entirely clear as well as those upon which a difference of ‘helen 


# xists. Some further comment on these points is warranted in order to correct — 


the misunderstandings and to clarify the ‘disagreements. = lee 
As Mr. Edwards states, the obsoleteness of the approaches to the Brooklyn 
and Queensboro. bridges in New York City, although their main “spans are 
‘still useful, is evidence of the need for greater consideration upon entrance 
and exit facilities. — s. T he City of New York is now y (1940) spending $68,000,000 © 
for the Queens Midtown Tunnel, and plans to ) spend ¢ another $80,000, 000 for 
the Battery T unnel in order to handle the increased volume of traffic « crossing — 
the East River. It is doubtful that either of these tunnels would be necessary 7 
if the approaches of the Brooklyn and Queensboro bridges could be developed | 
to their full potential capacities. _ Both of the new facilities will tap the same 
traffic sheds that these two bridges, together with the Manhattan and Williams- 
4 burgh bridges, are serving. However, the two new tunnels will provide prob- 


ably a more economical, and certainly a more effective, solution to the East 
7 
mee _ Nore.—This paper by John F. Curtin, Jun. Am. Soc. C. E., was published in November, 1939, Pro- 
_ ceedings. Discussion on this paper has appeared in Proceedings, as follows: February, 1940, by Messrs. ‘ 
; Dean G. Edwards, and John W. Beretta; March, 1940, by George Hartley, Esq.; and | April, 1940, on Messrs. | 
George H. Herrold, Park H. Martin, and Charles M. Noble. 


Highway Engr., Economist, Am. Petroleum Inst., ‘York, 
We Ri ed by th tary Octob 
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_ River crossing g problem, because t the cost of the major operation | which would | be 
Recessary to modernize the approaches the older bridges now would be 


Discussions 


“upon slain of the city that it frequently is more 

~ nomical, , in serving an area, to | build a group of facilities with less extensive 

- approaches than to attempt to ¢ converge all traffic upon one or two crossings. 
: (As Mr. Herrold suggests, the e comprehensive ci city plan may dictate the > necessity 

of having several facilities spaced some distance apart. 


For a large city, the problem resolves into one of determining the ) number 


of crossings which, in conformity to the city plan, will afford the maximum 


—- lapping, at the ss same > time considering the relationship between the cost of 
oy traffic facilities and the transportation benefits that are derived from 
4 them. When this ground work is completed, the approaches of each bridge 
or tunnel can then be designed so that the crossing will fit into the arterial = 
and handle i its is proportionate share of traffic with maximum ¢t convenience. 
ica This arrangement should prevail regardless 0 of how the structure is an 
Mr. Noble states it aptly in- his conclusion that the various traffic studies 
together with the cost adinaiee and a recognition of the community aspects 
“constitute the only intelligent | ‘method of determining the | specific location 
~ and the general design of the appr oach system.” For this reason, the writer | 
cannot agree with Mr. Martin’ s contention that the location of | @ non- 
project might differ materially ; from t that of a structure to be financed by 
tolls. Although it is true that’ topography, land value, and other physical 
considerations 1 must be weighed in in selecting the site of a crossing, fundamentally 
‘itis the fitness of the project as a traffic facility, not its s cheapness, which d we 
mines its value to the motoring public and to the community. raph 
al Only too often engineers have been ‘misguided, by shortsighted ini 
into selecting a cheaper site or appre oach for a = 


of traffic in an economic manner— —without ‘compro- 
_ The reason that the» writer has dealt ‘mainly with toll structures is, as as Mr. 
‘Herrold states, that “more. attention has been given to approaches where tolls 
* charged than to approaches to tunnels and bridges which have been paid 
for through taxes. vel Although the economic considerations have been treated 
only ir incidentally i in n this paper, due to limitations o of space | and more adequate — 
ett by other writers, it is - evident from inspection. n of them that the 
approaches of toll structures are superior economically as well as functionally : 
to those of non-toll projects. _ The self-liquidating facilities have a better ratio — 
» of total motoring benefits to total costs since they are scrutinized more carefully 


in the planning stage from that angle in order to insure solvency. 


M 
= 
= 


: 
] 
i 

i 

t 
t 


— 


— 
— 
— 7 
— 
t 
~ 
— 
— 
— 
) 
— | 
— 
> | 


RIDGE AND TUNNEL APPROACHES 


by that federal “largess” has obviated economic considerations 
_ ‘However, there i is no real reason why the same principles of economic 
analysis cannot be applied to non-toll projects. Heretofore, engineers have 
relied mainly on a comparison of cost ¢ estimates in determining which in a 
group: of approach studies for a bridge or or tunnel is most economical. . The | : 
Vv various items of expense, property, | construction, ‘Maintenance, and operation | 
are estimated for each plan, and since the total of these is the most tangible 
sum that can be assigned to that proposal, i it becomes the basis of comparison. 
Nev ertheless, the inadequacy of comparing only the total costs is well — 
bsised, for the final selection is generally made by applying a judgment factor, 
which embraces an understanding of the other considerations, to the com- 
parative costs. Furthermore, although bridges and tunnels indicate 
that th the final selection of site and approach dev elopment \ was the most satis- 
factory solution, there are many which show that one or more of the intangible 
considerations were slighted or neglected. 
‘If the full return is to be had upon the investment in a bridge or tunnel, 
. amore inclusive analysis must be used in determining the proper location and 
7 development « of the approaches. As Mr. Martin states, “the final decision — 
. * * * must be based on the functional adequacy of the device, with due con- 
sideration to the cost. ” Although it is more difficult to prepare than the 
cost estimate, an analysis of the potential traffic and the benefits that will, 
" accrue 1 to it by use of the proposed facility should also be made in terms of 
“monetary v value. Nathan Cherniack, . Assoc. M. Am. Soc. C. E., has developed _ 
an ef effective method for "measuring the potential traffic of a proposed d vehicular 
crossing in terms of transportation benefits which he described in an excellent 
paper. al In addition, John Beakey and C. B. McCullough, M. Am. Soe. C. E., "7 
have derived | a set of monetary relationships among the cost ofa highw ae 
facility, its potential traffic, and the benefits | which it will provide for that 
traffic, 19 By considering all items on the common denominator of dollars and 
a4 cents, the correlation between factors m may be seen prosaically and a eonerete — a 
- index of the value of each proposal may be had. T ‘hat site and its approach = 
ss development which has the highest ratio « of bengfits to costs is the most de- 7 


from the of the matting hether a toll Project 


f 


1 


a erve the public best. Although tolls are an important financial consideration, 


‘a vill attract the siah income to the facility; for a non- toll structure, it will 


they are only a means of financing and, therefore, bear no direct relationship 


to the physical planning other than to require | certain provisions: for col- 


_ The conclusion drawn by Mr. ‘Beretta that only © the approaches of large 


bridges ai and tunnels have received f proper attention in design i is generally true, 
_ although there are some excellent examples of approach development on smaller 
As arule, the traffic design problems on a small vehicular crossing 


_. 18Measuring the Potential Traffic of a Proposed Vehicular Crossing,” by N. Cherniack, Proceedings, 


aa "Beoncmsies of Hi €ommi Planning,” by John John Beakey and | and C.1 B. McCullough, Technical Bulletin N Vo. ' % _ 


Oregon State Highway ommission, 1937. 
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are not as s complex as ‘those on a large bridge or tunnel and, therefore, the 


approaches should be - more adaptable to the ideal solution. | However, the 


telative s size of these crossings and the fact ; that frequently the design of such 4 
"structures i As s standardized i in many respects tend to lessen their importance as — 

Apparently, some of o opinion exists as of circles a 

7 for regulating traffic on bridge and tunnel : approaches i in in cities. Mr. “Martin OF 
; states that they have been economical and satisfactory in his experience, 7 


a _ whereas Mr. E Edwards demonstrates their ineffectiveness in handling traffic 


in Washington, D.C. The writer is inclined to agree more with the conclusions 


m 


mee 


of the latter—that traffic should be limited to rural and suburban 
regions, 
Because of their successful adaptation to the intersections: “of heavily 8 
highways, the installation of circles as approaches became popular 

in the late 1920’s. In quick succession, the planning er engineers of the Goethals” b 
Bridge, Outerbridge C Crossing, and the Delaware Riv er Bridge adopted the 0 
| 

a principle for one approach of each of these structures. Its advantage t 
$ _ over the street extension and reservoir types of approaches was the presumption . 
moving traffic and the elimination of the bothersome left 
turn. 1. By compelling all vehicles to proceed in 1 one direction around a circle, 7 “ag 
the approach became capable of handling a larger volume of traffic with less %. 

delay. ‘The theory of operation is that conflict is minimized by the substitution 

of a continuous weav ing operation by vehicles moving in the same circular 

¢ 


direction for direct. crossing. This | principle is “discussed by 


eng M. Am. Soe. CE, in his excellent paper. 200 


The size of the central has a considerable influence on efficiency 


of a traffic circle because the radius of the roadway must be large enough to — 

accommodate a a reasonable speed, and sufficient distance must be provided 

_ between connections to the circle for the interweaving of vehicles. This 


latter factor tends to slackgn the speed and reduce the capacity because of 


ci 
> 


the gaps created by cars weaving in and out on the circular roadway. ~~ The 
necessity of moving ACTOss the circle causes a greater heading between vehicles 
and consequently reduces the lane capacity. In addition, traffic entering ,and 
leaving the crossing frequently must merge on one or quadrants of the: 
circular roadway. This induces additional interference and further reduces 
the effective capacity of each lane. Furthermore, the circling operation often 
causes motorists to become confused and to turn off at the wrong roadway. 

are being used with moderate success in undeveloped areas; 
in cities, however, the waste of land in the central island makes them _ - 
‘This island cannot be occupied without seriously impairing the 
operation of traffic and may be used. only for decorative statues or landscaping. ) 
Pedestrian access creates a dangerous accident hazard and vehicular access 


a of Motor Traffic,” by Guy Kelecey, Proceedings, Am. Soc. C. E., December, 1939, 
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seh operational interference a as s well as the loss « of one lane. due to parking. _ 


“trafic and de not obviate the use of f lights. 
--Virtually the s same criticisms may be made of the reservoir - approach, for 
on this type, the unwieldy maneuvering between the rectangular plaza and 
the roadway of the bridge or tunnel reduces the effectiveness of the facility 
unless a tapered area is provided between them, in which 1 case, » the rectangular 
space is largely unnecessary. — Furthermore, the r rectangular area is not fully 
s because it is ill- adapted to vehicular movement; as much as 40% of it is" 


As wasted a as far as as storage space is concerned. — This is illustrated at the Holland 


+ 


Tunnel Approach, Fig. 16, to which the paper and Mr. ‘Martin’s comment 
specifically referred. ‘Unlike a parking lot lot, the storage space of an 

; ‘ig used o1 only ‘momentarily for that p purpose, and therefore it should be shaped 
so as to accommodate the continuously conve rging operation of vehicles. ale 
Notwithstanding the comment by Mr. Martin ‘that circles are e especially 
a adaptable to flat areas, it has been the observation of the writer that the most 
effective traffic circles are those in which the third dimension, height, has : 
been utilized. One example of this is the circle at the Rockaway Beach end 
of the Cross Bay Bridge in | Queens, New York. The rotary is elevated above | 
the roadway which intersects the bridge approach and, as a result; is used 
only by 1 traffic ¢ going on or off the bridge. ‘Traffic « on the intersecting road = 


continues in a straight line without having to mingle with bridge traffic, and | 
adequate turnouts are provided so that vehicles may turn off to the bridge 
or from the bridge to the road, without interrupting the main stream. Even 


on- = we 


. is the three- level asaernenigeg the New Jersey Approach of of the Lincoln T unnel ; 
7 (Fig. 17). This development of the rotary principle | goes ; beyond that of the 
- aforementioned Cross Bay Bridge, for in this case the traffic on both the de- 
7 pressed approach and the intersecting avenue continues on tangent alinement — a 
without interruption. The circle, which is ‘the intermediate level, is used only” 
vehicles turning from one roadway to another. ‘The disadvantages of rotary 


4 re overcome ie entirely yon this ‘structure because | no Weaving i is required 


| 
when the spa of the bridge is raised, there is sufficient ‘space to store the 


‘aide at the tite with which that operation is made. This type of pa 
separation i is very well adapted to the intersection of express highways where — 
the cost of land is high and where } plenty of clearance between the two roads i “7 
a available. It requires much less property than a clover-leaf structure and is 
Aa ‘much less confusing to drive upon, but a difference i in in elevation of of a 


40 ft between the main roadways is necessary. _ 
The writer is is s grateful t to Mr. Beretta for his valuable contribution eae. i 


the approaches « of international structures. The e special which port. 
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- of-entry” inspection presents are complicated not only by the various types of 
traffic, each requiring a different type of inspection, but also by the Tulti- 


plicity of f agencies making these inspections. _ As Mr. Beretta suggests, how- 


= 

We. 17. —Turez-Leven TraFric INTERCHANGE AT New JERSEY APPROACH, LINCOLN TUNNEL, 
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ever, , these problems are capable of ‘solution by the application of known prin- — 
ciples of traffic design, together with those adopted from rail and 
-Origin- -destination studies should be | especially helpful in designing inter- 
national bridge approaches for they provide the key to the classes of traffic 7 
from which the degree of inspection required for each type may be determined. 
They also indicate the peak loads so that the capacity requirements may be 
estimated. With this information, the various traffic movements can be 
segregated among the inspection stations in a manner similar to the way in| 
| = they are distributed geographically from any other bridge approach. q 
The remaining 1g problem then is one of arranging and, if possible, a 7 
: the inspection | facilities so as to require a minimum of conflict among the - 


_ Mr. Hartley has made a valuable addition ee paper by his discussion a 
on n toll lane capacities for small structures. 7 Most of the toll stations at the 


various interchanges on the Pennsy lvania Turnpike were arranged in the 
manner deser ibed by ‘Mr. Hartley in F ig. O(c). 
In: ana lyzing the capacity requirements for a small toll station, the low 
tallies volume e periods should be considered as well as the peaks in order that 


‘an excessive number of collectors will 1 not be required. 7 ‘The layout est 


Market Street Bridge i in — risburg, I Pa., ., iS subject to criticism in this respect 
handle the traffic ition 3 the early morning hours if the booth ‘arrangement 
it. Tt is is ‘the writer’s opinion that a double- faced booth should 


the outer lanes can be closed and all traffic handled 1 by one collector. ‘Since - 
‘the total traffic volume is likely to be less than 600° vehicles p per hr even on @ a 
large structure for as much as 25% of the time, it is well to consider this 


period as much as the peak. 


The toll-booth arrangement presented by Mr. Hartley in Fig. 13, allows con- 
- siderable freedom of traffic movement but it is also subject to the same criticism 
Z.. inflexibility in operation. 7 A similar set of conditions prevailed on the layout 
the Carlisle Interchange of the Pennsylvania ' furnpike, but instead of f being 


the booths were placed straight across the pa as shown i in 


that shown i in n Fig. 13, it has the same advantages 0 of minimum lateral m move- - 
ment, no extra graded width and, in addition, it may be handled by one man 
during low-volume periods. © Furthermore, the separate booth for each lane 
SS only permits faster collections in each lane but it also minimizes the incon- - 

venience to the patrons since the tolls are always collected from the left-hand 1 


The writer believes that Mr. Martin has perverted his splendid did analogy with 5% 
é respect to wye connections that ; one “cannot mix two streams of automobiles as 
) one mixes streams of water.” a . _A wye connection may be considered the same 
= wye fitting i in a pipe line; the smoother the connection is made, the less 
i turbulence (traffic congestion) will be caused by the fitting. fs vehicles must 
4 pres down or come to a halt at junctions, as Mr. Martin claims, why were the | 


| 


1819 

— 
— 

| 
| 
| — 
— 
— 
| 
— 
| 
— 
44 
- 
a 
a # 


accelerating and decelerating lanes -s provided or on the apy approaches of the Highland 
Park Bridge (Fig. (14) which he cites as a good example of approach | design? 
This same layout was ‘used at the interchanges on the Pennsylvania Turnpike, : 
and the accelerating and - decelerating lanes were designed so that vehicles 


- - Separation St ip 


Entrance to Proposed 
Suggested Underpass — 


Separation Strip 


18.—Tow Boorn Layour at THE CARLISLE INTERCHANGE, 


could enter and leave the main roadway at 60 miles per hr. _ Mr. Noble, who 


designed these interchanges, emphasizes the point that wye connections should 
not be located close together because of the turbulence created; and, as Mr. 
shows in his paper,” it is not the absolute speed of v ehicles but the 
relative difference in speed that causes accidents. i, - Actually, there is a | greater 
accident hazard in entering a main roadway from a standing start than in 
"merging : at the antennal as that of the main stream. | » The reason that vehicles 
are required to stop at intersections and id some wye connections i is I not hayenell 
_ stopping itself is safer, but because adequate sight distance has not been pro- 
vided at the connection which makes it necessary for entering vehicles to stop. - 
The writer agrees entirely with Mr. Martin on the need for wide separating 
“islands on approach connections with the steady flow system. _ As found by 
American Association of State Highway Officials, the minimum width of 
separation that will enable a passenger car to make a U-turn with reasonable — 
_ safety is 39 ft, whereas the minimum width f for trucks i is 71 ft. . In general, it — 
desirable to make the s separating islands as wide as 18 possible. However, the: 
= cost of right of way, particularly in urban or suburban areas, frequently makes 
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; 3 ergence. Similarly, on the George W ashington Bridge toll ‘Plaza, the spplica- 
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it necessary to design these islands with less than the desirable minimum width. 7 
Most sincere thanks are due to Mr. Noble not only for the valuable additions — 
which he has brought to consideration but also for his efforts in applying some — 


a of the conclusions of the paper to practical test. 


“J 7 he wr writer agrees wholehea rtedly with Mr. Noble on the impor tance Lind 


tions have been because ofthe desire to secure cost solution 
a bridge or tunnel approach problem. ‘The effect of a bridge structure vu upon 
value and the limitations o: of Tight air imposed such a structure 


Mr. Noble’s diagnosis of the factors involved i in determining the ratio of 


agree that the use 0 of f = 0. 15 is high in determining this ratio. Mr. _Noble_ 
states further that a friction of 0.25 to 0.30 frequently i is dev eloped at 15 or 20 
miles per hr, but that at ‘Speeds | less and is utilized. AL 


E length to width of plazas i is very illuminating, although the writer does _ 


‘- of the tables for determining the forward distance required for lateral 

mov rement on plazas. The paper states that the design speed should be used 
in interpreting these tables, whereas Mr. Noble uses the posted operating speed, - 
7 which is considerably lower, in applying the tabular - values to the | plazas of the a 
George Washington Bridge’ and Lincoln Tunnel. ‘The design” speed on the 
- plas should be the same as that for the crossing proper for the reason g given 7 — 


Around this same point hinges the difference in the writer’ Mr. Noble’ 


port sd the tables to the New Jersey plaza of the Lincoln Tunnel, a pend 

movement of 35 ft at a design speed of 50 miles per rg gives a minimum length - 
of approximately 400 ft which compares favorably with the 450 ft that is 
"prov ided on this plaza ‘between the ends of the islands and the point of = 


tion of these tables at a 1 design s speed of 50 miles y per hr gives a conv ergence — 
i length of 460 to 500 ft ft for a 48-ft lateral movement, whereas the actual length 
prov ided between the ends of the toll islands and the point ; of convergence is 
490 ‘ft. _ Considering the limitations of the tables and the instinctive design of _ 


: +. two plazas, both examples check the tables remarkably well. 


_ _ Despite these comparisons, however, Mr. Noble is quite correct in his state- 


economic per width writer cites the cost of the Lincoln Tunnel toll 


; & ment that the subject of convergence deserves additional study because of its 
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tunnel plazas the convergence should be completed 100 ft in front of the portal 
but it should be noted also that the length for convergence is measured from - — 
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| Although these tremendous costs tend to restrict the length and width of plaza 


not essentially. Mr. Noble the 'T urnpike tunnel ap- 
proaches he made an entirely different analysis which was more befitting the 
conditions under which vehicles are operating | on them. — T he operating con- 
ditions on these approaches are similar to those at a main line switch on a 
railroad, whereas the plaza might be compared with a ‘classification yard. 
Ibis believ ed that Mr. Martin has misunderstood the writer’s meaning of an 
Mr. . Curtin has confused his discussion, to 
‘some e extent, by treating both ‘the vaiaiaaiaan and the approach connection the 
same.” Without denying any confusion, it is the writer’s feeling that they are 
the same, or at least that the connections are & component part of the approach, 
L 7 If a bridge or - tunnel is to handle its full share of traffic with maximum con- 
venience it should be e designed as a whole, not as a patchwork of f dissociated 


arts. Otherwise it never will fit’ together properly. The design s speed and 
the various other design specifications should control the layout of the he entire — 


s being 


. approach, including the connections. — Although it may be: necessary t¢ to use a 
different. design speed on various par ‘ts of an approach to suit the c operating =f 


the physical requirements, it is n most desirable to have | the design unified | and 
as uniform as possible throughout. Any changes should be made only” with 


adequate transitions so that traffic may flow smoothly without suddenly bein ng i 


confronted with different ‘operating conditions, for it is generally recognized 
4 hat thi of the y causes of accidents. 
t 1a iis is one of the primary causes of accidents. ee rnetiae 


Some disagr eement prevails as to maximum lane capacity a and the c conditions 
under which it is is developed. _ Mr. Noble: takes exception n to the value of 1, 1,500 


: 4 vehicles. per lane p per - hr as being high i in some ne cases, Ww whereas Mr. Har tley i: 
—_ an instance in which 1,800 vehicles per hr were counted i in a single lane. and 
‘also quotes s values i in excess of 1 ,800 per hr at speeds 0 of 35 and 40 miles per hr 
from the Johanneson capacity formula. In addition, Martin states that 
the maximum capacity is reached at a speed | of 23 to 25 miles per hr. 
© ee Unfortunately, there have been no studies which indicate conclusiv ely the 


maximum capacity of a traffic: lane, although enough work has" been done to 


Sas definitely that many of ‘the current formulas and notions concerning 


are arbitrary formulas used in the p past, the 


by the U. S. Public Roads Administration® this theory, 


ever. They indicate t that the theoretical m: maximum number of ve ehicles which 
one lane will accommodate in an hour is approximately 2 “swell we the vehicles — ; 


uniformly spaced are traveling at 31 miles per hr. ——— e, these comcl 


22 “Preliminary Results of Highway. 
No. 12, February, 1939. 
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= that the theoretical maximum does not fall more than 20% below this 


value for speeds between 20 and 50 miles per hr, int 


—Itis definitely pointed out, however, in the conclusions of these field obser- 
vations th that such capacities are obtainable only in theory : and that working 
_ capacities are e well below these limits. - It was more or less in recognition of a 
these conclusions that the writer arbitrarily used a maximum of 1,500 vehicles’ 
per hr because, although there is no theoretical | basis for it, this value i is within a 


the practical limits that have been observ ed. Asa peoutesh matter, neither 
nor working can be determined to a a nicety f from 


A> += 


Thea. BY vor Twenty Years 1 

Although it is not it is stimulating, nevertheless, 
to see the visionary conception of a bridge ‘approach (Fig. 19) which Norman | 
Bel Geddes predicts for 20 years | hence.” i The approach comes down gradually 

= er an extensive area with long, flat curves branching | from each of four levels. 
: The principle is sound, but it is hoped that the profession will develop a more 
—_——s and less pretentious Ss approach than that which this artist portrays. 3 


Magic Motorways,” by Teen | Bel Geddes, Random House, Inc., New York, 1940. 


— 
4 
ssp en \ ehicles as well as the number of lanes and other design fac 7 — 
ve a material influence upon capacity, 
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Considering th the progress ss made over r the 20 20 years 1920. to 1940, it very likely —&§ 
will, for. the fundamental principles have been established, examples a1 are 
; available to demonstrate them, and most of the factors involved have been 


evaluated. experience of these tw years is fruitful and all is ready 
‘how to be refined and molded to the desired objective. © To this end, these 
t up “meager efforts are dedicated—that some day the motorist in coming home at 
‘the weary end of a holiday will not be subjected | to “that m« most dismal of al] — 
motoring: experiences: driving back to the city across a bridge. 


Corrections for Transactions: In November, 1939 , Proceedings, } page 1541, 


four lines below Eq. 1, “a Soteeion of 13.2 ft per sec””’ should read “a ‘de- 
-celeration of 12.9 ft per sec.” _ In March, 1940, Proceedings, Fig. 9, on page 
526, “(a)” should be labeled “bys “(b)’’ should be labeled “(a)”; “(d)” should 
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SEALING THE LAGOON LINING 


ISLAND WITH SALT 


Discussion 

wil 


hoped that the experience described in his paper would be more widely dis- 
cussed, the writer is s appreciative of the high quality of the three contributions. 


Professor from his extensive experimental work with ag agri- 

cultural soils in Western . United States to develop the physicochemical back- 

‘ground o of the sealing action ‘of salt. Of s special interest to ) engineers is his 

statement of the relative ‘adaptability to salt treatment of soils with similar 

mechanical analysis but with greatly differing clay” constituents. ‘He shows 

that highly siliceous clays of the montmorillonitic or bentonitic type can ie 

rendered impervic rious much more re readily than those of the kaolinitic type, which 

contains much greater percentages | of iron and aluminum. The clay used in 

- the lining of the Lagoon at Treasure Island was of the siliceous type. oy 

bs In passing, it is to be noted that this chemical classification of clays refers 

* the clay particles that act as negatively charged cores or anions, whereas s the : 
riter’s classification as ‘ “calcium” or “sodium’ ’ clay was with re reference to the we 


and much smaller charged cations. Both classifications 
are Tequired for a complete ¢ chemical discription of a chy. 
mpermeable 
salt, Professor -Bodman states that occasional replenishment of 
ions might be 1 necessary to maintain ‘impermeability, not alone with respect to 
~ highly calcareous or saline waters, but even for water of low mineral ect to 
W ater used to fill and replenish the . Lagoon throughout tt the life of the Exposi- 
_ tion was obtained from the San Francisco Water Department. ,. Typical analy- 
“ses of of this water at various times of the year indicate a aia etal mineral 
“content, with calcium predominant (see Table 14), 


« -Norg.—This paper by Charles H. Lee, M. . Am. Soc. C. E., was published in February, 1940, Pro- 


H. Lez, M. Am. Soc. C. E (by he had 


eedings. Discussion on this paper has appeared in Proceedings, ‘as follows: June, 1940, by Messrs. G. B. 
Bodman, and John D. Watson; and October, 1940, by John W. Pritchett, Assoc. M. Am. Soc. C. E. 


Cons. Hydr. Engr., San Francisco, Calif. 
Received by the Secretary 6, 1940. 
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ON TREASURE ISL: 


its initial seal. is that the Lagoon ‘must be be- 


cause longer | service » would have furnished valuable information on this point. _ 


TABLE 14.—Mrner. AL SAN FRANCIS isco W ATER DEPARTMENT 


(1937) So tidse | Si Mg |_Fe 4 


February 10¢....| 34.0 | 2.9 9.4 | 10. 4.2 | O25 
Mag C10 | 67 5.3 | 0. 49 | 61.0. 0 11.7 
November 15¢...} 124.0 | 2.9 AL 0 A178 | ©: .26 | 90. 15.6 


a 2 Solids = dissolved solids; Si = silica and insoluble matter; Na = sodium (including potassium, K); 
Fe = other are = Sample from the surface of Crystal Springs 
eservoir. ¢ Sample from the water ine at Millbrae, Calif. 


Prit S ’s contribution to the discussion is of « especial interest as it 

Pty strikingly, two points of great importance in the use of salt as a 

sealing agency. T To begin with, the predominating soils in the region where 

Mr. Pritchett i is W orking are of the red and yellow podsol type composed of 

_ lateritic material with a a | “silica sesquioxide ratio” of approximately 2. Clays 

_ associated with this type of soil are ¢ of the kaolinitic type. Extensive areas of 

- this s soil occur in eastern Texas, western Louisiana, southern Mississippi ‘and 

_ Alabama, , and central il Georgia where it has been termed the Norfork-Ruston 

series by the Bureau of Soils, U. S. Department of Agriculture. Color 
2 

- description of clay test samples listed i in Table 12 show a predominance of reds 

and yellows, and it is probable that tests 1 were e all made on clays of this type. 

As stated by the writer, and also by Professor Bodman, sodium treatment has 

little effect upon the physical properties of such clays. — _ This i is probably the 


explanation for the failure of the salt admixture to produce | a degree of dis- 4 


mi x 


~The other point the proposed storage of salt water in reserv oirs 
*, sealed with salt-treated clay. _ The writer’s experience at Treasure Island was 
Pr less than 50% of the final sealing effect was obtained by use of salt water — 
alone, the fresh water being ‘necessary to leach out excess sodium before the 
full effect of salt treatment was obtained. Laboratory tests also show the 7 
} necessity of fresh- water leaching following salt application before permeability — | 
is effectiv ely r educed. Professor Bodman states that “Long- -time | storage of 
high-lime water, or of highly saline water, , would not prove successful.’ ? Ev en 

if a satisfactory clay were found in local deposits « of alluvial materials niin the 
Neches River, it is doubtful whether salt treatment would solve the problem — 


of storage > of such pape saline ws waters as are encountered i in the east Texas oil — 


In opening Pr atson” states that + if the clay 
been properly applied, the salt w ould not have been needed.” The w 
is in entire accord with this statement, assuming that ‘ “properly applied” refers J 


#*‘Soils and Men,” Yearbook of Agriculture, U. 8. Dept. of Agri., 1938, p. 1069 and inset map — 4 
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to moisture control and method of rolling. fe Acceptance of the clay | by the 


writer was predicated | upon n placing with uniform moisture at optimum moisture. a 


content and rolling with a -sheepsfoot roller. Neither requirement was fol-_ 
lowed in 1 actual construction, however, for reasons beyond the writer’s control. 
It is the writer’s s opinion that a sheepsfoot roller could have been used satis- 
factorily | to compact the clay layer, without breaking through into the sand, 
either by increasing the thickness of the first clay layer or by stabiieing the 


sand subgrade it with water before the clay. for 


and methods for its accomplishment are a matter of vuln. ~The salt treat- 


ment was  preseribed only after the « completion: of the work, when : a test of the 


The xr does not agree e fully: with Professor Watson’s that it was 
an error to buy a soil on the basis of particle size. — Although the specifications, . 
as prepared by ‘the Construction Division of the State Depar tment of Works, 
might well have provided for a permeability test, such test would ha have been 
subject to the same limitation as was the mechanical analysis—namely, the | 
failure of the clay material, as actually placed, to conform in density with the 
laboratory t test samples | at ideal density. The writer has directed permeability 
tests for many years, using Darcy’s law, and has found wide differences in the 
same material with differing d degrees of density. 

— With regard to Mr. Hazen’s precautionary statement, referred to by Pro- 
fessor Watson, careful reading of the original discussion shows that he had in 

‘mind the indiscriminate use of mechanical analysis in | conjunction with the 
Hazen formulas for flow of water through filter sands and other clean granular 
materials of uniform grain s size. He states that these formulas and their con-— 
stants were e developed for a pare type of filter sand and do not t apply to on 


general run of natural earth materials used i in engineering co co 


In another paper Mr. Hazen states - 
“It is to be noted that the formula was never intended to 0 apply to 


clays, hardpans, soils, and other materials. The effort to apply it to such 
materials is not to be encouraged, and the results are not to be depended 


on.” 
| It was not the mechanical analyses, as — that he warned against, but the 
: indiscriminate use of his formulas which, as a preliminary step, involved me-_ 


_ In discussing these matters with Mr. Hazen many years ago, in connection 

- with the computation of underflow through the narrows of an alluvial- filled _ 

river valley, the writer, also recalls that he advised ag against the application of | 

his formula to natural alluvial materials but did not advise against mechanical 

. analy: sis as it might throw light 1 upon 1 permeability as a affected by distribution of — 

7 - Particle sizes. In fact, a very important ¢ element in the Hazen formula is. the 


constant “c” which has wide variation, depending largely upon the variations in 


proportions of large and small particles as expressed by the uniformity coeffi- 


cient obtained from the results of mechanical 
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a It has been the writer’ 8 experience that ; those natural earth materials whose 


a distribution of particle sizes conforms closest to the general grading equation 


(in which n lies between 0.25 and 0. -40) are the most iemereneaiiln, « and that 

_ material substantially following this equation with a degree of fineness suffi- 

: - cient to include at least 3% of clay, or poorly graded material containing at 

least 25% of clay, when thoroughly compacted, is practically, if not fully, water- 

“tight. . ~Mechanical analyses of samples submitted by the contractor indicated 

- that the selected clay fulfilled requirements of the grading formula, Eq. 1, and 

penton handling of the clay by the writer gave added confidence as to its im-. 
permeability if properly compacted. vs. 


= .. The writer’s statement of conditions during the two months’ period between | 
— the e completion of the placing of the clay membrane and the first flooding i is. 
probably incomplete, as Professor Watson states that the clay “ “was subjected 
4 to two months of severe ere drying, a ? the entire layer was fissured with 
“4 shrinkage cracks.” As : a matter of fact, the | entire surface of the clay was 
_ spr inkled once each day throughout the two- month period. - The rate of evap- 
a oration, augmented by afternoon trade winds, was so great, however, that the 
surface dried out before the day was over and thus gave opportunity for crack- 
ing. - Serious cracking was limited to the top layer, cracking i in the bottom 
layer being superficial. The writer does not. agree with the statement that 
slaking accounts fully for the high rate of f seepage and for the com- 
- plete so softening of the > clay layer.” ” It certainly was a contributing factor, 
but the basic cause was inadequate compaction. | The daily sprinkling would 
a probably have been adequate i if the material had been compacted to the density 
i possible at optimum moisture content. it had been planned to flood the clay 
layer immediately | after completion, but unforeseen delay in the execution of 
another lagoon contract made this impossible. 
With regard to the relative rate of downward progress in softening of the 
clay ¥ with fresh and with salt water, tests were made during the first six days of 
submergence by | salt water, and softening did not occur to the s same depth as 
with fresh water. In fact, the depth of softening at the sixth day was 2 in., 
or less, and was not materially greater at sixty-five days. . The rate of compac- 
tion under a seepage pressure amounting to 1 lb per sq in., as computed by 
Professor Watson, is so slow that many years would nay been required tc to 
harden the clay, rather than : a few weeks, as he suggests. | Under certain con- 
7 
; ditions, sealing of leaky r reservoir bottoms by seepage pressure, by accumulation | 
of a skin layer of fines, or by other means, has been experienced by the writer. 
Such sealing, if it occurs, ‘Tequires a period of years: for its consummation, 
whereas expositions come and go o within a peric riod of months. Application of 


7 ‘elective salt treatment requires aed afew weeks. In practical engineering the 
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= Returning to Professor Watson’s opening statement, he questions the utility as 
of the salt method | in view wi the possibility of securing impermeability by 

e that impermeability of a well-graded material 
can be obtained by compaction, this is not so true of clay materials lacking the 
sand fractions. For such materials, for the reduction of hazard with com- 
pacted clay materials Is having the sand fractions, and for remedial work such as 7 
that described by the writer, the salt method unquestionably has a future. i. 
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NORRIS DAM CONSTRUCTION CABLEWAYS 


10 

_ BYR. T. CoLBurw, M. AM. Soc. C. E., AND L. A. SCHMIDT, . _ 
M. Am. Soc. C. E. 


Coupury, 18 M. ! Boe. C. AND L. A. Scumipt, Jr.,4 Assoc. M. 

An. Soc. C. E. (by letter). 146__This will refer to the discussion by Mr. Foster, 

_ in which he gives the power r requirements f for) moving the ecableway towers of 

_ Conchas Dam . Since one of the cablews ays at Norris Dam was ‘erected, and 

has poured all of the concrete at Hiwassee Dam subsequent to its dismantling 

- at Norris Dam, the writers have be been able to check their measurements ¢ on the 

pulls ¢ against the traversing anchorages at the latter project. 7 Fig. 17 shows 

recorded pulls on the anchorage for periods when the towers stood at rest, 

when they were starting, and when they were moving. 

— Now clearly y defined points were determined to differentiate between the head 

- _towe er and the tail tow tower; nor was there any ¢ consistency in in the r results obtained 

“for immediate movement or or after long periods ¢ of rest, and therefore the t total 

number of readings taken for each position has been plotted and the r ranges of 

_ pulls are indicated between the outside limits of the readings taken. F ig. 17° 

indicates that, similarly ly to N orris Dam, pulls, of approximately 70,000 Ib may 


As to the horsepower requirements, several readings of the voltage and 


current during starting and running indicate that approximately 100 hp was 


4 required to start the head and tail towers, and that approximately 60 hp was. 


consumed when the tower was moving. 


‘The life of the 3-in. locked-coil track cable used at Norris and Hiwassee dams 
a ~ exceeded the expectations of TVA engineers. A total of 427,090 cu yd of 

~ concrete was traversed over this cable at Norris Dam, and approximately | 
a a 795,000 cu yd were hauled at Hiwassee Dam. Besides this, 33,272 tons of other 


Nore. —This paper by R. T. Colburn, M. Am. Soc. Cc. E. and L. A. Schmidt, Jr., Assoc. M. Am. 
‘Soe. C. E., was published in December, 1939, Proceedings. Discussion on this paper has appeared in 
_ Proceedings, as follows: March, 1940, by J. 8. Foster, Esq.; April, 1940, by Gordon H. Bannerman, M. Am. 
- Soe. C. E.; June, 1940, by Messrs. Walter F. Weber and Blair Birdsall, and G. E. Cate; and November, 
1940, by Adolph J. Ackerman, M.Am.Soc.C.E. * 


Constr. Plant TVA, Kacavilte, Tenn. 
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materials were moved by ay at Dam and twice | as” 
many tons at Hiwassee Dam. 
a Maintenance, consisting of greasing and periodically turning the cable, 
was a large factor contributing to the longevity of this excellently built cable. = 
The careful design of the car riage f for even distribution of wheel loads to reduce 


bending stresses in the cable is also believed to have contributed to the lasting 


> 


— The discussion by ‘Mr. Ackerman has added greatly to the ‘scope of the 


—_ paper r by ¢ giv ing - data ona number of older, and one of the more recent 


Stiaded Areas Indicate =. Tensometer at This 
Range in Readings i a _End of Runway | 
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Between Traversing 


-— RECORDED on TRAVERSING ANCHORAGE, HIWASSEE CABLEWAY 


was taken of the results of the tests at Norris Dam in the design of this cable- 
way installation. The discussion by Mr. Cate provided a very complete 
analysis and derivation of the formulas used by the writers. The additional — 
> comments in the discussion given a by Messrs. Bannerman, Weber, and Birdsall 
is Ack ‘nowledgments. —In closing this discussion the writers rs wish to make the 
4 followi wing acknowledgments: Tests were conducted by Douglas McHenry, T TVA, 


at Nor ris Dam and Hiwassee Dam, who also made all the calibration: tests on 
the tension indicator discussed under ests,” and the discussion | of 
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electrical engineer provided the discussion of the eloctrical features: and > 


COLBURN SCHMIDT ON NORRIS DAM CABLEWAYS 

a Special acknowledgment i is made to Mr. Ackerman, formerly construction 
‘wen it engineer, TVA, who supervised the design, installation, and operation of 
the cableway; to 8. A. Parish, of the American Steel and \ Wire Company, , and to 
Mr. McHenry, for suggestions offered by them after reviewing the paper. 
‘Barton M. Jones and Ross White, Members, Am. Soe. C. _E., were construction 
engineer and construction superintendent, respective ely, on Norris Dam. or 
- The TVA \ design check of the cableways, the cableway layout, and runwa ay 


design | were made by ‘Mr. Colburn; and the analys sis and comparison n of the test 
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CHICAGO RIVER 


P. Ramey,’7 Soc. C. E. (by —The writer wishes 


the flow of water from the lake to the river that it was impossible, except 
fe under conditions of heavy flow, to maintain water levels in the river appre- 


~- ciably Ic lower than in the lake. During the summer "of 1939 a careful survey 


= as made of the Government breakwater and North Pier to determine the 
extent of work necessary to rer render these structures watertight, and on August 
15, 1940, a contract was awarded for such work. The contract provides for 
driving a row of steel sheet piling 10 ft from, and parallel to, , the landward 
face of the cribwork; tying the sheet piling to the concrete cap over the cribs, 
a with steel tie rods at proper intervals; filling the 10-ft space between cribs and | 
sheet piling with clay (from Chicago subway excavation); and protecting the i - 
“TOW w of steel sheet piling with stone fill (on the landward side) to the top ¢ of the 
piling. This work was completed i in November, 1940, and added $127,000 al 
‘the $2,704,000 cost mentioned in the e paper. 
‘Veen. Niederhoff and DeYoung have both mentioned the spalling of con- _ 
crete, from impact by boats, and both have made excellent suggestions. — Armor, 7 
wales, and fenders were re considered, but all were ruled out at the time because a 
of cost. It is the conviction of the w riter that armor and either wales or 
fenders w will be. installed ultimately. plans were rev reviewed by a a PWA 
Review Board, interested in keeping costs within an allocated sum. The 


ore.—This paper by H. P. Ramey, M. Am. Soc. C. E., was published in January, 1940, Proceedings. 4 
R Dict on this paper has appeared in Proceedings, as follows: June, 1940, by Messrs. A. E. Niederhoff, | 
on Marquardsen, Isaac DeYoung, John W. Woermann, Edward Soucek, W.C. Wi — and Henry 
Asst. Chf. Engr., San. Dist. of Chicago, Chicago, Ill. 
‘7a Received by the he Secretary October 2 25, = 
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concrete is of good ‘quality. In many places where concrete hes spalled, the 
particles of coarse e aggregate (granite gravel) have split as readily as the re- J 
mainder. of the concrete. here has been no crumbling. placing of this 
concrete w was inspected | by the the Sanitary District, the PW A and representativ “a 
Mr. Marquardsen, w vho was one of the principal structural designers on this | 

project, has contributed a valuable discussion of many of the details o of 


work. His discussion of the operating 1 machinery has probably answered a 
question suggested by Mr. Niederhoff. 


_ Mr. DeY oung ing has suggested that a monolithic concrete floor would have been | 
better than | the loose slab floor, particularly if the | lock should be unwatered. 7 
a The writer. agrees W with this view. Mr. Leffler, who | designed the lock, favored 


“such a concrete floor, placed “i “in the dry,” to assure accurate construction and 


‘to prove the stability of the lock walls. 


Mr. DeYoung prefers gravel fill for the cells because of its compactness and 
quick settlement. _ His suggestion of timber piles within the cells, to provide 
shear, is very good. Mr. ~Woermann obviously prefers stone fill, an honest. 


_ difference of opinion. — “Mr. W oermann has rev iew ed some of the considerations | 


- given to various types of lock gates, which ultimately led to the adoption of ol 


triangular- -shaped sector gates. The distribution of water currents shown in 

the tests of the model of this Swedish. installation checked conclusions reached 

by the engineers of the Sanitary District. 

Mr. . Soucek’s discussion of the hy draulie formul: is is interesting and con- 


His simplified formulas will give results sufficiently accurate. 


any practical purpose. I He points out that the adoption of the F rancis formula 
> for the i, veir’ ” term may ‘not be correct since the element of crest contraction — 
5 ‘is ¢ entirely lacking. Apparently | he is of the opinion that the | product ¢ of the 
weir ‘coefficient 0.62 and the over-all coefficient 0.95 conforms closely to that 
snares in tests. . The coefficient 0. .95 as used in the ‘ formula, however, was 
a introduced to take care of side contractions. 7 Probably more in line with what 

“Mr. Soucek had in mind is the derivation | of the formula as presented in Mr. 

King’s discussion i in Eq. 17. Incidentally, Mr. King i is entitled to much of i the 

‘eredit for deriving and checking the formulas for discharge to and from | the 
Jock. | No allowance was made for flow under the gates when they are in a 
a partly opened position. . . Theh head differential i is 80 8 small | by the time ‘the gates | 
have opened sufficiently wide. to clear the bottom sill substantially that the 
flow beneath the gate is practically negligible as as compared to the flow through 

au Mr. ‘King mentioned the accumulation of ice and floating debris carried 
; into the gate recess, between the — face of ~~ gate leaf and the cury rved 


sy with its center at the gate hinge, and extending vertically down to 


ee: 


about 4 ft below the water line, » oF below the line « of floating i ice. T his v Ww vould 


filing and emptying tl the lock. No conclusion has reached on this matter. 
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Tee troubles have been avoided by tein juent 0 peration of the g 
1 p 


7 Colonel Weeks, who was United States Distriet Engineer i in Chicago during 
_ the years when the Chicago River Control Works project was the ) subject of 
‘diseussion and r reports i in the co controversy regarding lake levels between the 4 


of Illinois and — Great, L sakes states, has contributed a sarong of certain 


which has elicited such constructive criticism and so ak friendly comment. 


he labor has not been i in vain. 
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AMERICAN SOCIETY OF CIVIL ENGINEERS 


THE PRACTICE OF STATE HIGHWAY DEPART- 
IN THE | DESIGN OF ABUTMENTS 


PROGRESS REPORT OF A SPECIAL -SUBCOMMITTEE OF 
THE COMMITTEE OF THE STRUCTURAL DIVISION 


R. Scuureman,’ Assoc. M. Aq. Soc. C. E. (by letter). sa 
writer has studied the Committee's Report and the appended questionnaire 
ow ith great interest. . That there i is, and has long been, a genuine need for the 

a - ¢elarification of many of the issues involved i in the > design and construction of | 
highway bridge abutments is evidenced in the considerable ‘differences 

practice uncovered by "the questionnaires. It is to be hoped that a thorough 

analysis and discussion of the data presented in n this Report will help materially 
in removing much of the guesswork now e existent in this phase o of bridge design. 
Ww ith regard to the loads that may act ‘upon the abutment, the ° w riter 
_ would suggest that it is not alway s safe to neglect entirely the horizontal — 


forces arising: from expansion contraction of ‘the 


‘importance in the case of high abutments combined with n high frietion super 
structure bearings. the force’ will be of low magnitude if the 


“bearings which had high friction initially or which dev eloped high 

ee. ith regard to types, it) is s interesting to to note > that the | trend i is is away nel 


Norsz.—This Report was published in 1940, Proceedings. Discussion this Report has 
s peared in Proceedings, as follows: September, 1940, by z. Wayne Courter, Assoc. M. Am. Soc. C. E.; and 
October, 1940, by Messrs. E. W. Wendell, and Stanley Levitt. 


6 Asst. Prof. of Civ. Eng., School of Eng., Princeton Univ., Princeton, N. a 


ba * Received by the Secretary October 23, 1940. ae ato) 
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i i done. The writer feels that at least some of the abutment troubles encoun, - 
— 
a the writer’s opinion that this type, a carry-over from the stone masonry wall, - 
can seldom be justified economically in view of the inherent economy of steel 


December, 1940 OVERHOLT ON DESIGN OF 


ENTS 
7 and concrete in combination. To the dicousiion ‘ia the spill- through 


of f hydraulic: efficiency, it is far superior to the closed type 
_ The Report indicates that considerable attention is being given t to founda-— 
7 tion on exploration and i increasing attention to soil analysis. The importance eof 
a dependable picture of subsurface conditions unquestionably demands a 7 
4 
thorough investigation and analysis of the foundation upon which the abutment 
is to rest. In this connection, the writer has found wash borings to be so 
misleading in some cases as to be worse than no borings at all, and certainly 7 
' - of much less value than the sounding rod. At the present time, there is a real - 
need for a reliable means, within the reach of the average bridge engineer, _ of - 
- relating the results of subsurface exploration to reasonably true load-carrying 


capacity. In view of the fact that such a means is essential to the efficient 


type of abutment, the writer would add only that, strictly from the a 


“design of abutments, a a direct effort in this direction by those engaged in in soils 


study i is clearly indicated. 


abled, the Committee is rendering a valuable service to a substantial part 


of the membership and is certainly to be highly commended for %.. 

G. OverHOLT,® M. Am. Soc. C. E. (by letter). j is gr gratifyi ing to: note 
that the of MacL ean is as a Progress 


field of ‘design. Nature. provides the 
foundation for all of man’s structures, and the filling materials are raw, natural 
products. Thorough study of these parts of the complete. edifice 

on, To date, this new science has produced little of direct quantitative — 
nature _ A personal impression is that soils engineers should lead the way to’ 
formulation of practical means of application of their analytical and field data. 
Papers and studies coming to hand so far have revealed startling facts on 
_ pressur e distribution and kindred features | but have > made 1 no approach to design 
7 “methods for the usual types of structures. : The i impression given is that settle- 
‘ments may be predicted, but only after an elaborate study of formations to a 

= able. depth. Means of estimating normal (lateral), pressures and par- 


allel (shearing) forces on the planes set up for design | purposes would be of 


7 Bester greater value, and it would seem that workers i in the field of soil mechanics 

could produce more along this line than has been done. 
- tt preliminary draft of the newly revised American Association of State 
_ Highway Officials (AASHO) Code sets extremely broad limits for bearing power | 
of soils and | establishes a minimum design lateral pressure of 30 lb of equivalent 
liquid. New an and valuable rulings over the current. (1935) edi- 
tion; nevertheless, the code, as revised, remains conservative, and advisedly s 80. 
‘T hat it has been thought well in our national codes to maintain a 1 a goodly 1 margin 


hee Associate Bridge Engr., State Highway Dept., St. Paul, Minn. Pe 1 
Received by the Secretary October 28, 1940. 
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ms OVERHOLT ON DESIGN OF ABUTMENTS | Discussions 


is. T his situation furnishes a an rtunity: 


for "soil mechanics work. 
Buried Abutments. —The point was not int the Report that 
“openings” ? in n such abutments are the net spaces between the footings of the 
columns or legs, rather than the s spaces between the legs themselves. — For de- 

sign purposes, all filling material over a footing is treated as if it were, say y, 

~ 100- Ib concrete, placed with the structure. This fact points directly to Mr. 
- W endell’s pr actice of using this type only on strata where the footings can be 
“made relatively y small i in area. Plans have been seen in w rhich the ‘spaces be- 

7 tween footings wi were one half or less of the height ‘of the o} e openings, , and in two 

cases the footing was continuous | over the entire length. — ae 

a is believed that the extent of “drag” is not aaieasiay y realized. Grain- 

elevator design is illuminating on - this point: A wood crib elevator may be 

in its by 2 and ‘More on n the first n of f the 


that has caused some ‘confusion indecision. In the current, highly com- 

pacted fills, wood piling cannot be driven to any depth. Piles, driven with 
much difficulty, end within the new fill or penetrate below it only a few feet. 
WwW hat, then, has been gained by | the attempt to drive long piles? W ould it not 

be wiser to drive piles of 20-ft or 25-ft lengths, rather than pound away on 

|, 4 longer piles, since subsidence of the fill will carry the abutment down with it 


oe he alternative, mentioned by } Mr. ‘Martin, of using long steel piles h has 
been eon used i in those cases where hard formations can be reached with a@ reason- 
9 able length of pile. In other cases, , where substantial refusal cannot be ob- 


tained, it probably would be — tot use Ww wood Piles of nominal length and to 


Questions for F ‘urther Study. the s six questions proposed, the writer. feels 
‘that the sixth on one, dealing with buoyancy, is satisfactorily resolved ‘a the pro- 
z. posed code revision to allow f for the full buoyancy effect i in all cases. a 
Question 3, dealing with batter piles, ‘should be broadened to include od 
development of methods of complete analysis for the numerous cases in wl hich 
circumstances do not warrant the common assumption that all lateral force is 
unloaded to the ground | or fill at the elevation of top of piles. Th he method 
proposed by C. r.¥ etter,’ M. Am. Soc. C.E., has been found to be quite nels 
a application, if the piles a are treated as hinged structural members, with their 
bending resistance ignored and with no account taken of sssdliaalaaniaael earth pressure 


sieewiess 4, dealing ets pile-driving formulas, might well be extended in 


Design of 1 of by C. P. Vetter, Transactions, Am. Soe. C. 


for the factor of ignorance, rather than for the factor of cafoty 
throughout the substructure sectio} 
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hard driving is also worthy of investigation, 
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ps apers of this Symposium constitute an admirable eit: he of both theory 
a design and construction practice which have obtained during the greatest 
building period in history. Unprecedented in height, great. size, and 
_ number of large structures, the dams of this time have received the most _ 
careful, thorough, and painstaking engineering thought and attention—to 
which fact they will give witness for centuries and ‘millenniums to come. 
satisfactory performance the concrete (Mr. Tyler states) “must possess: 


strength, weight, durability, impermeability : and “continuity [that is, freedom 


| 

j from cracks] in order that the structure may act according to assumptions of 

design. ae The other authors either directly or implicitly indorse this judgment 

which unquestionably is the widely held and practically unanimous opinion 
among engineers today y. Ne evertheless it would appear ar that continuity might ; 
Ww ell be accepted as satisfactory e even if it were of relative rather than of —— 
degree and that impermeability of structure. might be: obtained, advantageously | 


and economically, in numerous cases by means other than those of 


practice, 


- The | enemy of continuity in concrete is the crack which generally has its — 
‘origin in thermal and moisture-content changes. Because of internal shrinkage, 

7 that which was whole and continuous becomes divided into separate parts by 


~ fissions or cracks, _ The structural consequences of such cracking may be > 


or not, depending upon the width of the crack, the | form and 


o De direction of the ‘surfaces of cleavage, and upon the physical s structure, aggregate 7 
| size, and character istics of the concrete itself. A crack, 2 in. ide, 


7a Sm —This Symposium was published in May, 1940, Proceedings. Discussion on this Symposium 
hes appeared in Proceedings, as follows: September, 1940, by Messrs. William P. Creager, J. R. Shank, 
_ George R. Rich, Robert A. Sutherland, Ross M. Riegel, Paul Baumann, W. A. Perkins, L. J. Mensch, and 
Lewis H. Tuthill; October, 1940, by Messrs. F. A. Nickell, Leslie W. Stocker, Barton M. Jones, P. E. — 
_ Gisiger, Joseph A. Kitts, S. O. Harper, and R. F. Blanks; and November, 1940, by Messrs. Berlea C. Money- 


Maker, A. Warren Simonds, and W. J. E. Binnie. 

v7 111 Regional Structural Engr., Portland Cement Assoc., Seattle, Ww ash. 

file ““ Received by the Secretary November 2, 1940. 
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on stress distribution than would the same j¢-in. crack k developing with warped © 
irregular ; surfaces in a concrete made with in. or 8-in. maximum-size aggregate. 
Ih the first case there would be practically complete loss of shearing strength — 
in the plane of the crack, a complete loss of tensile strength perpendicular to - 
the crack and, until the crack closed again, a complete loss of compressive 
strength. In the second case there would be only ¢ a slight loss of shearing 
- strength, and even perpendicular to the crack at any ‘point, due to aggregate 
_ interlock, a certain amount of tensile and compressive strength would persist. 
Let it be emphasized here that cracks in mass concrete do not form plane 
surfaces; they bend and twist to form warped | and highly irregular | surfaces 
which themselves interlock independently and additionally to the aggregate 
z terlock. — If, then, with normal dam concrete, cracks are not so closely spaced 
s to destroy columnar action in the sections between them, it is difficult - see 
anything particularly |, griev ous structurally » to result from them. It is to be 
recognized, course, that there are cracks and cracks, some of which, may 
truly be of a ser serious nature; but there are also others which are so utterly trivial : 
and insignificant as to warrant little or no ‘ ‘dither” ” about them or the incurring ' 


an 


an 


— 


is generally agreed that no m result if such a thing did but 


thrusts tending to disrupt the mass by splitting off successive lamin from the 
downstream face. Although such action may be assumed, of course, al much > 
me more cheerful and probable ‘assumption to make is that. nothing of the kind 
will occur. * Cracks parallel to the a axis of the dam are intersected at regular 
intervals by cracks perpendicular to the « axis, which latter vent to the atmos-. 
at the downstream face of the dam. hen and if 


water under high pressure in cracks parallel to the axis would produce ne 


field of “assumptions ‘can be made regarding the extent, 
pattern of cracks that es elop. Howev er, certain things are inherently 
Because the length of a dam is almost certainly 
a greater than its thickness, cracks transverse to its axis are inherently more 
‘ ; probable than cracks parallel to the axis s despite the fact that e escape e of heat and 
; moisture ——— the he mass is is outward from the surfaces and therefore transv erse 
to the axis. x - Therefore, to assume cracks pé par rallel to the axis without the simul- 
taneous existence of cracks 3 perpendicular to the axis is to assume a possibility, 
yetscarcelya probability. 
That water pressures in cracks, if they do tend to develop, find relief without 
causing damage, and that this is not mere wishful thinking, is attested by 


definite evidence. Prior to Se present of _crackless 


avoided. Iti is true that these older dams are not of the magnitude of those . : 
7 the present day, but they are fair-sized scale models of present dams. Being | ya 


“built with high- heat cement, in large masses, with uncooled m mixing water and § | 
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aggregates, without artificial cooling, and without the careful foundation eke 
ments now provided, they developed cracks perpendicular to their axes and a 
likewise p parallel to their axes. Opportunities for water under high p pressure to 


penetrate these cracks | have been quite as favorable as any to be found l today. 
- Despite these opportunities for trouble and disaster (if ‘such indeed they ar are), 
not one of them that the writer has ever seen or read about has suffered in con- ‘ 
sequence. These old dams present many a warning “against watery, sloppy 
a concrete, against segregation, against careless construction joints, against con- 


rete so porous or weak that it is unable to withstand weathering or ordinary a 
abrasion. _ Nevertheless, as far as offering any evidence corroborating fears — 
| a about harmful high water pressures developing i in n ordinary shrinkage crac cracks, a 
that i is the thing they signally fail to do. 
; In many places freezing occurs, and then the q question of possible damage > 
from the freezing x of water in cracks arises. The writer has seen a considerable 
general ‘surface ‘scaling with increased at construction 
joints with their laitance. On the other hand, where the concrete has itself 
been of a quality to be classed as frost resistant, he does not recall having seen 
damage at cracks. A very excellent example of such contrasting behavior was — 
seen several years ago in a box flume on the Owens Valley aqueduct « of the City 
of Los s Angeles, Calif. ‘This elevated box flume was a reinforced structure built. 
with standard portland cement. The approach conduit sections were built 
with the tufa cement generally used throughout the aqueduct." 1g 
In about twenty years of occasional freezing and thawing, leaking cracks in the 
sides of the approach sections had spalled considerably around the e edges of the 
cracks and over adjoining surfaces, whereas leaks in the box-flume structure 
_ along the construction joint between the bottom slab ¢ and the side walls had 
_— spalled not at all. This is not an 1 analogous case, of co course, to the freezing of Ps 
. Water in cra cracks parallel to the a axis of a a dam; but instances of damage from from such - 
cause are, to say the. least, not of common record. 
~The writer 1 never saw St. - Francis ] Dam either before or after the catastrophe, 
the a cracks in which are e frequently | referred to; but he has a av vivid recollection — 
7 of being s shown certain hard fragments of f foundation m material taken from the 
very place in the stream bed upon which only a few days before the St. Francis 
' Dam had stood. The behavior of the fragments of this “bedrock” was this: 
Dropped into a glass of water, they emitted some tiny bubbles and quickly 
z 4 softened, lost their shape, and flattened into a thin layer of mud in the bottom 
_ of the glass! If such was the behavior of these fragments pried from the St. 
| Francis “bedrock” it seems quite possible that water stored behind the dam 


cutoff wall and the dam and at last have piped 
first a trickle, then a jet, then a bursting stream, and finally a wild uncontrol- 
7 lable torrential flood that tore out the dam and swept headlong tothesea. The 
fact that t longitudinal cracks v were found in that block of the dam remaining in 
- place : after the disaster may indicate what was the primary cause of the failure - 


=> 


a uz**Tufa Cement, as Manufactured end Used on the Los Angeles Aqueduct,” by J. 4 Lippincott, _ 
Hon. M. Am. Soc. C. E., Am. Soc. C. E., Vol. LX XVI, December, 1913, p. 520 
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‘or what was was a cause. being such as as they 

F _ however, it scarcely seems necessary to seek other causes. 4 At least it is to be _ 

_ that the block of the dam which } remained in place remained despite the 
: esos cracks i ‘in it. Ww hatever the initial cause, it would be well if Mr. 

- Crosby’ S ; description | of the failure of St. Francis Dam were widely read (see 

‘Dams on Sandstone and Conglomerate”). 


The that the upstream face 0 of Pardee Dam i is 


axis of the dam. 
to the face near that. face to practically a direction ‘near 
the upstream face. On a number of occasions the writer had heard these re- .) 
ferred to in rather sober, serious tones. . It was somewhat surprising, then, on 
‘visiting the dam and being shown these cracks, that considerable difficulty was" 
-= ienced in locating them. _ The approximate position of the first crack was 
known to the guide but it seemed impossible to find it in the darkness with a 
flashlight. ‘Finally, howev ver, a blue keel mark was found on the wall and 
beside it a fine crack, possibly 14 in. wide, which i ina quite irregular course 
encircled the gallery. * A repetition of this process of search and discovery. at 
30-ft or 40- ft ‘intervals located the entire family | of cracks, all of w hich, as now 
remembered, were Although, their varying: directions were of interest, 
— the writer was at a loss to understand what there was about them to give them 
a rating higher tha: 1 insignificant. If the rock abutments and foundations 
peed thn the | dam contained cracks and fissures no wider or more closely 


spaced than these cracks they would be acclaimed as of outstanding excellence 
~ even though the jointing lacked anything corresponding to aggregate interlock | 
which characterizes the erack in concrete. 
oe. This same aggregate interlock across cracks, particularly across cracks of 
7 “smaller br breadth, is not without points of distinct superiority t to the smooth 
formed surfaces of keyed block jointing even though the latter is grouted. -* Mr. 
: Steele’s comments, under “Slots Versus Grouted Joints Versus Open Joints,” 


- indicate that grouting is not, by the fact itself, automatically successful for 
- sealing joints. Re; ith aggregate interlock : and without separation of parts it is 


the general at of a crack without complete hentin of the projecting — 
gate, shattering of the he adjoining fmoverenta an WwW ithout such concomitant 
the reported cases of movements and offsets: at cracks of n neces- 


"formed out created s resulting from construction 
The point of the preceding discussion is in nowise to disparage standard 
alia but definitely to advance the idea that small cracks developing “| 
concrete dams are not the desperately dangerous t Ww 
practise and discussion, either by implication or direct indicate 
to be. If it has been assumed that there will be no crack, then assuredly a 
crack does v iolence and affront to the assumption; but the existence of a small | 
os does not mean that stresses cannot and will not be transmitted across it. 
‘Neither does it mean, from the recorded behavior of dams containing cracks, — 
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HADLEY ON MASONRY 

80 far as poe writer is aware, that seriously harmful consequences will ensue 

from them. In short, their hazard appears to be more an assumed one than an 

actual one. i. herefore, although cracks are, in general, to be minimized and 

_ avoided, if small « ones do occur they can be contemplated with equanimity. 

They may impair the ‘ “structural integrity” of the dam slightly but the actual 

| damage and harm they c cause is very slight indeed. ale 

-... Present practise in the construction of gravity dams i is to provide durability, 

-_impermeability, and continuity throughout the entire body of the dam—that i is, 

the same high quality « of concrete is 3 used in : all parts, block construction with its” 

forms and key ways and water- -stopping and grouting | are used, ‘lifts are > made 7 

shallow with time intervals for heat radiation n and w with careful cleaning of sur- 

faces, and the concrete is cooled by circulating water through embedded pipes. _ 

By these measures a uniform quality of concrete and a uniform high degree of — 

durability and _impermeability are provi ided throughout the entire structure. — 

There ¢: can be no question as the the splendid results achieved by these ‘carefully 7 

executed m methods and ‘Processes, and to question the sufficiency either as to 

structure or foundations of any of the great modern dams built of pens ma- 


_ terials i is indeed to utter idle words. — a 


the restriction and complexity. of p processes wel ‘the former, the 
ease and simplicity of the latter, and L by the obvious s contrasting co costliness of 
7 Consideration over a period of time leads the writer to believe that with os 
- "respect to lowered cost and also in adaptability to foundations that might ap-— 
pear questionable for the present standard dam there is a field of 


“ 


for w hat — be called a 


layer upon in the same manner that fill dams are with i im- 


permeability and durability provided. at the surfaces o of exposure. Essentially 
: W what i Is s contemplated is a gravity d dam which | by a large increase in mass and _ 
cross section would permit a substantial reduction in unit cement content and 
a great simplification of construction processes. As an average case (see Fig. ; 
_ 28), let it be assumed that the upstream face has a slope of 10 on 1, and the 
_ dow nstream face a slope of 1 on 1. 2 Forms would be used on both upstream 
_ and downstream faces, but unless conditions of stream diversion necessitated 
otherwi ise there would he we joints from abutment to abutment, , and the only 
-Testrictions to a contractor’ s free ‘operations within the main boundary limits 
S would be those imposed by the construction of inspection galleries, conduits, _ 
similarelements,§ 
For the main body of the dam a lean, damp, almost dry ec eager” would whet 
used—O, 50 to 0.60 cement per cu yd with fines. 


_ 

(latter part of the section on “Joint 
Spacing”), ‘All of these factors affect the cost of the finished concrete * * 4 
They do that, of and by themselves, and to the further extent that it is wholly ¢ ae 

q ‘impossible with these numerous and time-consuming processes for work to pro- 

° 
: | ceed at other than a corresponding rate. Any one who has had opportunity | mS 
observe a concrete gravity dam under construction and has followed this with 
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am as it was built up, willing and water curing following as 


a the work advanced over successive areas. By its low cement content such con- 


crete, developing 2,000-lb to 2, »500- Ib strength i in a few months, would auto- 


“Reinfor 
einforced, Frost Resistant 


Complete System of 
____ Drains Formed in 
_ This Face Connected 
Inspection Gallery 


(+—'Inspection Gallery 


Cut. off Wall 
@ 


Grout 
Curtain 


Fig. 28.—Typrcat Cross SEcrIon, ConcrETE ‘Dam 


matically g generate but one one half to two thirds the heat of ordinary dam concrete 


and would have a a correspondingly reduced tendency to volume change from 

that cause. Its modulus of elasticity likewise would be low, and therefore such 
concrete would the better accommodate itself to slight settlements and adjust- 
ments of : of foundations. ei subjected to ab abrasion a1 and erosion for r short periods it 

a: would be. adequately re resistant, but not, , of course, for months or years. 
se Ass stated, impermeability and durability would be provided at the exposed _ 
surfaces. For the downstream face a zone or layer of richer weather-resistant 
concrete intagpel with the main mass would be provided, as has been ‘done i in 
numerous instances in the past. | = At the upstream face would be located the 
‘Two dams, both of which have their water-sti -stopping ng (their ‘impermeability) | 

_ provided at the upstream face, have been described in the technical p press... 14 

_ One of these is the repaired Ringedal Dam in Norway; the other i is a steel- faced 
fill dam near Colorado Springs, Colo. Both of these structures have i im- 
cs pervious facings which transmit water pressures but at 1 the same time cut off i 
oe the penetration and p passage of water to the main bodies of the dams. a Quite 
similarly with the ‘‘concrete-fill” dam there would be provided a reinforced 
ing slab of suitably rich, ie: _—_ This would lie directly against 


113 Engineering News- Record, Guicher 27, 1932, 498. 
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and the dam would be provided, the connection being suitably detailed to per- on 
mit slight vertical movements between the 1 two. The face slab would connect. 
with a heavy cutoff wall also separate from the body of the dam, which would 

be complemented by t thorough grouting. _ Formed in the face of the main body 

of the dam at the contact surface would be a complete set of channels for col-— 
lecting any leakage that might dev elop. _ These channels would outlet into —_ 

inspection galleries in the dam. _ Preparation of foundations and 
control of concrete | would conform with current practise, , although | the more | 
rigorous details of concrete control would not be necessary for the main dam a 
“However, there would be a a complete elimination of block jointing, grouting, 


tunity for r speed ; and freedom of operations would be e afforded. ey 

Such adam, possessed of a certain measure of flexibility, could well be used 7 
at sites deemed unsuitable for the standard gravity dam or arch. In itslowered _ 
‘cement content, elimination of block jointing - forming and of the cell 


‘conerete, it would effect large savings ~ 2 he writer is of the op opinion that, where 


foundations are suitable, it would prove more economical, _in the greater heights, 


than rolled- fill dams. 


¢ 


) as smooth as possible and as} 
- the facing slab to the main dam and affording lateral support against buck ing = 
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Discussion 


Epwarp C. Gout p,” Assoc. M. Am. Soc. C (by (by Joint 
Committee Report hes many of the characteristics of “its predecessors w hich 
make it difficult, if not impossible, to design without some violations. — Most 

concrete design is for minor buildings, designed under conditions that do not 7 
allow long and intricate analysis. The owners want these buildings almost 
immediately after. deciding to build them. The cost of the materials for 
inefficient design i is forgotten , hurr y, and i is too small an item to balance 


against a a day or two of delay. 


an experienced engineer in a ‘reasonable time, arrive at a 
satisfactory idea of the shape and maximum values of the shear and moment 
diagrams for a frame. LC By the time this man proportions the reinforcement 
and size of the members, Ww ith due regard to moment, bond, anchorage, | and 


shears, and arranges the steel so that it can be placed i in the forms by an iron 


- eda. the owner will hire another designer w ho 3 will “bat” out « a design, and 
= building v w ill be occupied. 


The design of columns after the determination of moments is a very difficult 
a te _ If spiral columns were designed for the axial load to be carried by 


the core: (whieh is is not entirely correct), and if the covering were allowed to 

_ take the moment, then up to a certain value of © the eccentricity could be 


pene ‘Beyond this point, tied columns should be 1 used, with the “ 


placed at the faces \ where it works to best advantage. For higher values 0 of 5 


‘moments are not by spirals in any ¢ case. 
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bottom of the eid 7 Instead of oie heavy steel for negative moment, = 
bars or mesh can be used over the supports to spread the deflection cracks. 


4 
This expedient, of "course, would stress the material beyond its elastic limit. 


T his simple b beam design, most certainly, should iad used for ‘the first and ‘second 


must be made frequently during the life of the building. | Every: one has seen 7 
> “beautiful” cases of continuity destroyed by the installation of a stair, a, 
or service elevator. 
In all cities there are old buildings that have some > cracking over r supports 
r and are are probably now acting as simple spans. s. They : are still good buildings 
with considerable carrying capacity. . ‘If these unsightly deflection cracks are 
; ‘spread out so as not to be visible, simple beam design i is good. 
‘There is evidence of yielding i in concrete both by test and observation of ; 
buildings of some age. W henever compression steel in beams is required, it 
_ should be designed at the same value as tension steel, and should be designed 
for the entire compression. — This apparently i is the eventual action of the steel. 
In all columns where the ratio of the dead load to the total load exceeds five 
tenths, the dead load divided by the area of vertical steel should never exceed 


the elastic limit of the steel. _ Even with this prov provision, , every masonry wall 


in the plane of the columns should | have -relieving joints. 


etl: at the face of the suppor t. As the concrete yields, this steel will assume 
more and more compression; eventually it will probably ta take all if it does not 
f ——si~pass ss the elastic limit. _ This overstressing 0 of the steel is probably not harmful 
if it is developed adequately within the support. _ Inadequate development wil] 
with 
a overstress the bond on those bars which might slip a and will cause an end k bearing 


err 


failure on the concrete, which may or may not be : serious. a 
There are two problems that confront any code committee. first 
peobien is to provide a standard of safe proportions | by which a design may — 
7 be made by ‘simple moment and shear calculations, or axial loadings. 7: he 

problem is to encourage rigorous analysis by allowing considerable 


economies of materials over the simpler analysis. The first standard should — 


. be safe and should have an adequate if not uniform | factor of safety. The 

moments should be determined by the method if the spans do not vary 


over 20%, and moment should be neglected i in the columns. A w vorking stress 


based « on about 0.35 f. for peaeeiel and 18, 000 Ib per r sq in in. in, for steel should | c 


The second standard should have a uniform factor of safety, possibly 


osm sm¢ aller than the other standard, and should be used only 9 where elastic com- 
-putations have been made to find the distribution of moments through the 
joints at the far end of adjacent members. Moment, shear, and bond should 
be computed for all efitical points, and all combinations of loadings. . For 


‘working ee there should be a code similar similar to that of the Jo Joint. Committee: 
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with modifications in anchorage provisions and simplification of column bend- 
- ing. The writer does not believe that, with plastic flow and other factors 
that cannot be rationalized completely, the designer should become involved 
incomplicated formulas, 
- The writer realizes that the best refinements of design should be used on 
all large and unusual structures. He also feels that the engineer can show 
economies in material by such refinements in all buildings more than sufficient 
to pay for his time. However, he cannot prorate his time against the occu- 
paney value of the building. 
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By Messrs. JOSEPH L. BENSON, H. ALDEN FOSTER, AND 


L. BENSON,” 2 Assoc. M. AM. Soc. C.E. (by letter).°—By his thorough 
bu t concise presentation of the factors and principles involved in the deter-— 
mination of the maximum probable flood, Mr. Ruff has made a distinct and 

-yaluable contribution to the field of hedunulie an engineering. . Experienced e en- — 
gineers will recognize not t only the merits of the data presented but will also | 


appreciate the author’s recommendation for ¢ caution, in accepting his formulas, 7 


T he critical engineer may nat accept the author's s findings entirely, but he will 
undoubtedly find, among the research data presented, certain tools that can 
be utilized in his own work. «dt appears obvious that the author does not 
intend for e engineers ; to dissect his paper for rules-of-thumb to be used asa 
a substitute for whatever rule- of-thumb they may have used in the he past for 
solving their own particular problem. 
a The writer believes additional thought on this subject ma may be provoked by | 
calling attention to the following comments: 
Mr. Ruff describes his ‘maximum probable flood” as one “so large that 
‘the chance of its being exceeded is no greater than the hazards normal to all 
of man’s activities. ae This is a concept rather than a definition. What are 
the hazards normal to all of man ’s activities? — ~ Utility will be added to the e 
value of the “paper if the author, , together with other eminent engineers, can 
furnish examples for v which his “ ‘maximum probable : flood”’ would be the design 
flood and, for the benefit of those who work with frequencies, also cor rrelate. 
‘this flood to frequency of occurrence based on presently : available | dats _ What 
are the conditions or circumstances for which the author’s maximum probable 
flood would be the design flood? ' This is important because too often research 
i: reports have failed to reach their objective or ultimate possibilities, due to the 


__ Nore.—This paper by Charles F. Ruff, M. Am. Soe. C. E., was published in September, 1940, Pro- 


2 Associate Engr., Federal Power Comm. + Atlanta, Ga. 
5 da Receive eived d by | the he Secretary October 28, = & 
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| 
omission of qualifying or r related statements. ~The wine believes that the 
es probable flood derived from the author’s methods and data would 
be equivalent to the design flood for a spillway structure (either dam, highway 
: railroad, etc.), failure of which might cause loss of life, suspension or dislocation : 
: of business activity, and in addition direct dollar Gamages < of s f several times t! the 
~ cost of the entire project. _ Frequency values of this “ ‘maximum probable flood” 
can be determined for ¢ certain particular localities by utilizing the flood- fre- 
“quency curve: The bable flood” will be a 
quency curves s of those localities. ne “maximum probable flood” will be a 
_ — discharge for a particular locality. T his computed discharge has a 
- q frequency value as determined from the flood- frequency curve. . The approxi- 
"mate frequency of the enveloping curves could be ascertained by the foregoing 


determination for these points which ‘control the location of the enveloping 


_ If sufficient agreement ( could be obtained on the occasion and purpose 
for which the 1e maximum probable flood would be the design flood, it would be 
possible to establish a series of relationships | between the pr otection offered by, 
- and the magnitude of, this design (maximum probable) flood and the Protection — 
; required by, and the magnitude of design floods for, other situations. At a_ 
_ specific location, the design flood for a bridge on a “form. to-market”’ dirt road 
: would be different from a large dam or important transcontinental railway 
bridge. It is obvious, therefore, that the structure itself affects the magnitude 
of the. design flood. el is also believed that sufficient importance has not been 
given to the effect of th the possible downstream damages on the design flood used 
for s spillway structures and flood storage. Most engineers have ina 


: is qualitative sense, that less protection is needed where resulting damages would 


be small if failure should result. a From a a quantitative standpoint, engineers 
have found very little in print on this subject and have had to depend on their — 
own judgment. ae he | effect of structure and | potential downstream damage on 
magnitude of the design flood is ; appreciable. 
3. The author’ S method for determining the maximum probable flood i in- 
_-voly es rotation n of. the axis of the storm, when transposed over the particular 
4 drainage area, to give runoff from the storm. Mr. 
‘Ruff assumes that the ‘ “severe condition of a perfect fit” ‘compensates for the — 
vagaries of nature in in . causing a a larger storm or the he effect of a higher than nor mal 
runoff coefficient due to a previous storm. ‘The writer believes the ec compensa- 
tion should be provided for by means other than rotation of the axis of the storm. 
Although little data have been published concer ning either the propriety or 
impropriety of rotating the axis of a . storm, ‘it ‘appears best to. transpose the 


¥ 
‘storm without rotation. ‘he writer believes that the more uniform: the 


; 


AES. 


pattern: of the storm paths, the less basis ean b be found for rotation of the : axis — 
of the storm. Additional « data on the meteorology of floods appear necessary 


 3**Recreational Use of Forest Waters,” by Cc ifford Allen Betts, M. Am. Soe. C. E., Engineering News- 
Record, August 29,1940, Fig.4,p.61. 


or ca **Measuring the Discharge of Texas Streams,”’ by J. L. L ochridge, M. Am. Soc. C. E., Civil Engineer- a 


_  §**The Sardis Dam and Reservoir,” by Norman R. Moore, M. Am. ‘Soe. C. E., Civil 


““Flood-Protection Data, Progress of the Committee, Proceedings, Am. Soc. C. E., "February, 
1938, p. 338. 
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‘would or could center over er the area in the future, and (b) reliability 7 
of the isohyetals drawn from the recorded rainfall. _ In the former case engi- 
“neers have been sufficiently warned concerning the application of air- -mass 7 
analysis without expert. advice.6 With regard to the latter, there is nothing 
so spotty as spotty rainfall.?_ T here should be a sufficient number of Weather 
Bureau stations within ole area of heavy rainfall not only to delineate i — 
7 isohyetals | properly, | but also to permit sufficient reliance to be placed on them m. 
‘If there is a choice between using the method of transposing isohyetals or or ‘using S 
- flood runoff data, the writer suggests using both. Of course, the weight to 
beg given t to each solution will depend on the reliability of the data used for each 


‘method, especially the period of time for which the rainfall and river runoff 
data are available, 
pier: 
5. The author uses the env veloping curve for the storm rainfall Leite 
the maximum probable flood and provides no factor of safety as a surcharge 

(at points controlling the location of the enveloping curve) for possible storms” 
in excess of those already ; recorded. _ By rotation of the axis of the storm as | 
indicated in the pr eceding paragraph, the author actually obtains a factor of 
safety, in the sense that rotation of the axis of a storm will pr cduce a flood 

several times larger than would be the case without rotation. _ Howev er, W ould — 
* the experiences with enveloping | curves of flood runoff be repeated with 
enveloping curves of maximum rainfall? W illiam P. Creager, M. Am. Soc. 


a E., believes that if env pia curves s of record storms hig were derive ir 


- the location and slope of the env sien « curve are determined by only tue or 
three storms, there is a strong possibility that such curve will be pierced at 
¢ several points as time goeson. This possibility need not detract from the value 
a of the author’s work, if it is definitely understood that the e enveloping curve is 
a tool in ‘determining the maximum probable flood and is not of itself a repre- 
of the maximum probable storm 
Mr. Ruff’s definition of runoff coefficient is admirably suited to his 
“method of determining the probable maximum flood. However, more accuracy 
can be obtained by converting fallen snow to equivalent inches of rainfall. If | 
this change w were adopted, the author’s method could still be utilized by ad- 7 
dusting t the enveloping curve of the winter storms to include the expected snow- 
conditions. Many “engineers will find great interest in the ‘emphasis 0 on 
= seasonality and \d temperature, size of storm, and character of the watershed as -__ 
affecting the runoff coefficient. size of drainage area does ‘not 
4 affect the runoff coefficient o other than to provide a place for the watershed 


characteristics to take effect. 


Proceedings, Am. Soc. C. E., January, 1940,p.178 
“Possible ‘Probable Future by W illiam | Cc raeger, Civil Engineering, November, 1939 
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- with the accumulation of data.” * It is possible that the author can o adi -- 
_ additional information on this point. The enveloping curves of maximum rain- 


_ subsequent to one of the designated storms, the « designing e engineer w ould « com- 


Discussions 

wz 7. . Engineers w who have made flood-flow studies based on " same storms — 
used by the author should present their ‘findings. example, the storm 
_ designated as 244, March 12-15, 1929, near Elba, Ala., was used as the basis — 
determining the spillway capacity of the Sardis in Mississippi. 
: Likewise, the storm designated as 248 may have been used i in spillway studies 
of Saluda Dam in South Carolina. 7 It is logical to assume that, whenever im- 
portant | hydraulic structures have been erected in the locality, adjacent: and — 


_ pare his design data with those obtained by using the author’s methods. | Engi- 
neers who have used one or more of the specific storms represented i in Tables 
2 and 3 could, therefore, contribute comparative data to the ee 


value inherent i in some parts of the author’ canno 


ome engineers talk of nothing else, whereas equal. or greater emphasis boat 
be placed on flood volume or flood volume above a . specified ra rate of flow. Fig. , 
4 and Table 8 illustrate both peak flow : and flood volume. _ Peak flows have 
tility 2 as: (a) An index of flood magnitude and hydrograph construction; (b) | 
criterion for spillway design of run-of-river hydro-plants or other strastures 4 


rar 
where no flood storage is used in the design; and (c) development of back- 
water curves. Since most reservoirs an appreciable ca- 


‘usually limited nominal overflow of the: river channd, 

Where downstream conditions do not limit the outflow for structures, it dl 

flood volume above the average spillway capacity. It is realized that prac-_ 
tically all engineers take flood volume into consideration when that item affects. } 

the design of the spillwa ay structure; but further emphasis | on flood volume 
above the relevant flow is desired in technical publications and discussions. 7 

The relative importance of peak flow and flood volume, of course, is dependent — 


the locality and the design « of the structure. ‘The: difference inflow 


and outflow v is obviously th the difference i in the ‘volume of water going into or : 
out of storage. 7 One extreme is the run-of-river hydro- plant with little or no 
storage where capacity must approach ¢ or the 


Ww oe outflow may be held to zero or a very small aeeiiinn of inflow. -*, 


. The author’s admonition to those tempted to use the published data for 


their studies can be most appreciated by those familiar with the 


of nature in rains at “unexpected places and times. 


‘structure in the Waited States must contend with fallen 
snow and ice; in the southeast the twin-peak flood gives emphasis to flood — 
+2 volume rather than peak flow; in Texas and other parts of the southwest, “the 
- 1935 floods show peak flows considered by some engineers to be “‘a phenomenon 

_ of a very special nature’’; in California and the far west it is reported that peak 
flows have included a transient peak containing 50% water and 50% solids.’ 


 #Transient Flood Peaks,” by Henry B. Lynch, M. Am. Soc. C. E., Proceedings, Am. ane Cc. E, 
November, 1939, 1623. — 
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December, FOSTER 0} ON "PENNSYLVANIA. FLOODS 
Engineers who mus must sai with ‘the x more peculiar storms and watersheds will 
recognize the necessity for good judgment in determining their own design floods. _ 
ral The writer’s comments are intended to emphasize the sown 
neerning the use of data prepared for particular purposes. almost ¢ every 
instance the provision of of floodway capacity an and flood storage is matter 
= involving dollars and sense. s ‘The engineer is guided, consciously or uncon-— 
 sciously, by the desire to make provision for expected and unexpected floods 
tot the extent that increasing increments of flood protection do not require 
unreasonable c outlays of money. . If additional flood protection can be obtained © 
ail at little or no cost, the engineer will be more than generous in providing such 
- protection . fs such additional expenditures are uneconomic from the financial 
ee social viewpoints, the engineer will be tempted to restrain his imagination. - 
‘The « substance of the matter can be summed up as follows: Always provide. 
protection for all reasonable contingencies and then add whatever 
additional protection that can be obtained without unreasonable added ex- 


precision, the a must be guided by « dollars and sense. | 


H. ALDEN Foster, 10M. Am. Soc. (by letter). 300__For the last twenty 
years (1920-1940) the writer has followed with interest the various methods 
7 proposed for estimating stream flow in the design of reservoirs and dams. 7 
There has been a noticeable trend i in the development of these methods, which 

be worth considering. In 1914, the late Allen Hazen M. Am. Soc. 
_ C. E., made a revolutionary step in studies of hydrology by proposing the - 
: probability method for analysis of stream flow. This method received much 


Consciously or unconsciously, i in matters not subject to ms mathematical 


3 attention from members of the profession and was extended in various directions. — 
ot Previous to the publication | of Hazen’s original paper, the late Weston E. 
4 Fuller, = M. ‘Am. Soc. C. E., had bmn the idea of probability or fre- 


_ There have been numerous variations of Hazen’s and Fuller’s ideas, both 


in estimating future stream flow and determining maximum floods for design of 


structures. F undamentally, however, all these methods were based on the 
_ assumption that, if a continuous record of stream flow or flood intensities were 
available covering a number of years, it could be used as a basis for =a 


the probability of occurrence of @ rate of flow or flood intensity of any given 


chief ‘difficulty with the probability: methods was that, in most 


- the available records were not sufficiently long to serve as a basis for reliable” 
estimates of probability for periods exceeding the length of the available rec- 


ae to > any great extent. Thus a probability curve based on a 10-yr record 
| se be » extrapolated to represent a 15-yr or 20-yr_ record; but it could not 


safely be extended to estimate the results of a 100-yr record. _ As few complete 
Stream-flow records were available for periods of more than | twenty to thirty 
a ears, the method did not seem to be of much use in some branches of hy- 


Araulie ¢ design, such as for flood control and particularly spillways of dams, 
_ 1° With Parsons, Klapp, Brinckerhoff & Douglas, New N. Y. 
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iscussions — 


where it was generally felt ‘esi the designs sihett te be safe against floods whose 


probability of occurrence was less than once in one thousand years or more. ae 
ee... ith a realization of this limitation of the probability method, efforts —_ 
ade to develop a method for deriving a hydrograph of the “ maximum flood” 
or the “maximum probable flood” which could be expected to occur on a river 
ina given location. Vv ‘arious ingenious methods wv were developed | for this pur- 
pose. is not the p pur pose of the writer to review these v various methods, but 
4 only to indicate their trend. Tn | recent years, the tendency | has been to o develop 
synthetic hydrograph, based on a synthetic: rainfall record. rainfall 
record i is supposed to repres 
} > 3 over the watershed, or a storm of an n intensity that would be expected at only 
_ rare intervals. 2 some of the methods, the principle of probability was used 
in deriving this maximum storm; in other methods (such as those described i in 
oa the paper) the maximum storm is assumed to be greater. than s any on record but" ; 
no attempt is made to estimate its probability of f occurrence. re 
= a Now it happens, in the United States at least, that rainfall records are 
7 available le covering much longer periods of 1 time than records of stream flow or 
of floods. _ It i is practical, therefore, to apply 1 the probability methods to rain- 
n many areas where a similar application to stream-flow studies 
would be quite ae. Such a combination of ‘probability methods applied 


a U. S. Army Engineers, particularly in arid regions where stream-flow records 
are quite inadequate. 


a In the paper, the author has dev veloped a very ingenious n method for obtain- ¢ 


to this description, but without attempting to estimate the probability 


> of its occurrence in any year. By analysis of existing stream-flow records in 


the area under consideration, he develops a a method for obtaining the 100% 


7 runoff hydrograph produced by this storm on a ‘ “standard watershed” of an — 
assumed shape and size. To apply the method to any particular \ watershed he 
the following procedure; 


‘Prepare the storm hydrograph. for the maximum probable flood on the 
standard watershed, corresponding to the actual drainage area of the watershed > 


under consideration and the particular season of the year; 
Multiply the standard flood by ya “Jocation correction factor,” which is 


supposed to correct for the variation of storm intensity at changing locations 


(3) Multiply again by a “shape correction | factor,” “ ’ which i is supposed to 
- adjust for the fact that the given watershed has a shape different from that 
assumed for the standard watershed; and 


(4) Multiply again by a runoff coefficient, to make allowance for the fact 


- that the actual runoff percentage will not b be + oreo of the rainfall, as assumed in 


‘The f final result will be a synthetic ic hydrograph of runoff i in n cubic feet per 


—_— miles, the final desired a will be be obtained. 7 
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a Tt will be observed that each of steps (1) to (4) involv es the use of a quantity 
or factor which, in itself, is of uncertain accuracy. For example, if each step 
e involved a positive error of 10%, the over-all error would be 47%. Even if the 
several steps ; should have margins of error r considerably less than 10%, the final 
result might still be considerably i in 1 error. aa 
The point that the writer wishes to ) emphasize i is that any y method w all 


i involves so many assumptions i in its various 1s steps ‘cannot b be to produce 


i by any) means, the quation may be asked whether equally good results might © 
4 not be obtained by some less complicated method. The writer would suggest: 7 
_ for such a simplified method that a probability analysis be made of the rainfall 
7 records to determine the ratio in magnitude and intensity of the “1 ,000-yr” a 
storm (for: example) to any given ‘storm. Then the hydrograph of the flood 
: produced by the given storm would be adjusted to obtain the runoff correspond- — 
oe The method used by the author fo for ‘ determining the variation of f storm 1 mag- 
nitude with geographical location is very interesting, and so far as the writer 
ee this method has not been described previously | in print. T The basic — 
7 assumptions under which this method is developed appear to be sound, and © 
very likely could be applied to advantage i in other localities. — Oo me 
aaa _ It is possible that the writer’s impression of the complexity of the method 7 
_ would not be fully substantiated after practical application; familiarity often 
breeds respect. _ The paper i is well worth study for its s explanation of of the various 
— that influence the size of floods; and the writer is to be congratulated or on 


= clear yet complete manner in which he has presented his ris subject. oe 


Epaar _E. Foster, Assoc. Mz. Am. Soc. C. (by letter).°—In this 


excellent paper the author has presented a method of devising synthetic design 
floods that is based essentially upon statistical analysis. — The method is sta- 
tistical in that the results are based on averages or heme variations of > 
large number of observational data of the principal factors entering into the 


from one or, a at most, a few great 

. t appears to the writer that statistical analysis should constitute a sound 
basis on which to construct design storms, for the reason that hydrologic « data 
are primarily statistics of the various elements of storms and floods. ‘The 
method should be particularly adaptable where e many design floods are required 


in a climatologically homogeneous region. 

Storms and floods are complex phenomena, and in order to gain an adequate 

insight into them, they should be studied piecemeal. ‘The primary elements 
ofa storm are the , rainfall, the duration, the area covered, and the location. = 

Of these four « elements, s, three ar are commonly expressed and there- 

fore can be treated by s statistical methods s. Because o of the great variation o to -_ 

the. data, they can be conveniently expressed as averages and maxima. | The Jak 

=! fourth element, location, cannot so readily be expressed numerically, but it is ’ © 


the result of movements of the interacting air masses = —— largely 1 upon 


rs. Associate Engr., U. 8. Engr. Office, Omaha, Nebr. © ra 
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the variation in atmospheric pressure and tiie: and velocity of the 1 wind. 


content of the air in 1 temperature the air masses, 28, W hich 
= a part in the production of the storm and resulting flood. These factors — : . 
-may likewise be expressed as arithmetical data and are variable quantities, /: 
though the effects are not so readily traceable. 
_ Still another element is necessary for the production of a flood even when t 


rainfall is received—that i is, favor: orable g ground conditions. ‘This element. 
is expressed as a numerical coefficient, being a ratio of the r runoff and the rain- 

fall, or as a rate of infiltration. a 7 = 

of ANd the these numerical data may be treated as statistics SO that: storms and 
“floods ¢ can be analy ‘zed into their constituent parts ‘and a ‘averages obtained or | 
envelope curves be drawn over the greatest observations to. obtain pees 


maximum values. . Since floods deal with ‘maximum values, env velope curves 
are particularly valuable as shown in Figs. 2, 5, 7, 8, and 17. _ These averages 

and maxima can thereupon by synthesized into a design flood. - This procedure 
3 is essentially the one the author has followed and is, in the « opinion of the writer, 


asound and logical process; 


The of the method will cause more among 


steps i in for the reason that the a1 art is as ayer: too. young 


to a a high doe ‘and does not have a s saathationl basis ‘comparable to that of 
the data of rainfall or other elements of storms. Like other formulas of 
7 similar nature, its use should be limited to the area and conditions under which _ 


derived. Further more, the derivation omits the effect of and 


more extended discussion of them. 


It is desirable to trace the paths of the storms—that i is, the movements of 


the a areas 8 of low v barometric pressure, constituting the center of the extratropical 7 
‘themselves, The principal | function of these “lows” is that they constitute a 
4 “mixing pot for the various air masses in which the warm moist air is more or a 
| less rapidly lifted over the cold air so that the moisture content is precipitated Ad 
with great intensity y. W hether heav y precipitation occurs in the “low” de- 
pends” upon the | types of air being drawn or perhaps pushed | into t the center. 
a For example, the ‘ ‘low ”? of the storm of March 16 to 18, 1936, entered the west 
coast of the United States on March 10 and produced little or no rainfall until 
: March 16 at which time it was located over Louisiana. From that time on, it. 


_ encountered the tropical air masses and heavy rainfall occurred. i should “i 


| 
— 
> 
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— 
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ees Because there are a number of features in the paper that could be explained 
harmonized bv an understanding of the part plaved bv the various air masses 
— 
— 
"New England occurred while the low w 
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this case the heavy rainfall — be accounted for except ai movement of the 


tropical air masses over New England. 
East of the Rocky Mountains, there are two types of air masses that are 
: important in the production of heavy rainfall such as is required to cause rs 
flood; these ar are the Polar Continental l type (being named for the region | of their = 
6 origin) characterized by cold dry air, and the Tropical Maritime type that is 
& the warm moist air of the Gulf of Mexico and adjacent tropical seas. _ an 
The latter type is the carrier of the moist air and the producer of the heavy 
7 rainfall necessary for floods east of the Rockies. The farther they travel from 
_ the source region, the more likely it is that the moisture content is depleted © 
| b and the more likely that the supply of moist air will be interrupted or cut off 
g by movement of the cold and dry polar air. Inthe United States this condition : 
will not have a noticeable effect on the short storms such as thunder-storms a 
; = w vhich moist air will be concentrated by | convective action so that rain- 
fall with a duration of a few hours’ may be nearly | as intense in the northern 
states as in the southern. — = The great storms arising from air-mass s action — 
_ however, require a continual supply of moist air to produce the precipitation 
- observed, since the moisture content in a vertical column of a air is not enough — 
to produce the rainfall observed. As the tropical air masses move northward 
fs leave their source of supply and at the same time approach the region of - 
the cold air masses, which, being 1 more vigorous in the northern latitudes, more - 
readily cut off the supply of moist air. This results in a decreased total p pre- 


cipitation as the storms are located northw ard. 


Figs. 1, 3; and 4 show the effect of the interrupted and diminished supply « of 
moist air. Fi fig. 1 shows the steady decrease in rainfall along the axis of the 
- Atlantic Coast of both summer and winter or storms. a The decrease : appears (see 
t greater for the latter as may be expected because of the | _ 
surface that must be traversed the source of the 


maritime air masses. 


Figs. 3 and 4, along the southeastern extension of the axis. — The peak (about — 
= 1300 on \ the Ohio Axis for summer storms) being located over the eastern — 
border of Pennsy lvania and New York, may be caused by the tropical air masses 
that on come from the: South Atlantic and enter land in the Middle Atlantic States. . 
- ‘ohn the Gulf air loses its moisture before it n moves ‘eastward ‘along the Ohio 
River Valley. g Perhaps the storms are not susceptible of being sorted arbi- 
7 trarily into summer and winter clas sses, OF it may t be that too few storms have a 
been experienced to permit a certain classification. _ There seems to be no very 
good reason why winter | storms should yield ‘greater precipitation in western 
 Pennsy lvania than do the summer storms. 


tee any case the source of moisture is the same. for both winter and summer 


storms, which | fact accounts for the 1e similarity i in the . two types o of storms as 
noted by the author. | There are some modifying influences, most important of 
7 which i is the lower temperature of the gound that must be traversed in winter; 


this condition results i in a smaller moisture content by the time the air masses. 


ig. 5, have a total precipitation. This is shown 
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Lavis,2 22 M Am. Soc. C. E. (by k letter) 20__T his all too brief review of 
‘ie events pary ‘processes leading u up to the final dev elopment. of the present 
‘ Grand Central Terminal Lin New York i ‘is a paper of the kind tl that engineers n need 
so much and go seldom see. It is an account of particular interest to all who 

_ look b beyond surveys a and the calculation of the size of : an | I-beam, or even of an 
~ unprecedented bridge or other structure, to the fundamental effect of engi- 
neering structures and | engineering design on economics and on public and civic 


affairs. The author i is to be congratulated on having written and on being able 7 


One One hesitates t to criticize it, therefore, but knowing the author for what he 
is, & passionate servant of the truth, ‘the writer believes that he will accept a 


very slight amendment to his statement about tl the effect of this s improvement on 


ee That the terminal improvement and the electrification of the railways 
within the northern suburban area of New York City have contributed to the 


_ building up of Westchester County no one will deny; but it is to be questioned 
4 ‘if this expansion can be attributed to this improvement to the extent indicated 


in the paper. = Assessed valuations: in We stchester were increased, “materially 

7 — arbitrarily, i in 1920 and 1921. In Scarsdale, for instance, assessed valua- 
tions w were doubled at that time, from about $10,000,000 to $20,000, 000, with 
onl a very small increase in 1 actual values . Similar i increases occurred through- 
out the county at about the same time in an attempt to comply with the law. 
which requires assessments to be equal, as nearly as possible, to the full value 

: 7. a a In attempting to show that the rate of increase in Westchester County is 
very much greater than the rate of increase in the state as a whole, it must be 
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a HILL ON GRAND CENTRAL 1 TERMINAL 


borne in mind that ‘Westchester i is the nearest available suburban area t to New 
Y ork, the largest and richest city in the world. * bye Island and New Jersey 


the heart of New York City which, during the period considered by the author, 

was additionally connected to downtown New York by the first subway a 

The growth of Westchester has been coincident with the growth of New York -_ 

‘City, both i in wealth and the number of inhabitants, and must be attributed Lin 

part to this ; growth of the city. ba 

pe During the period 1 under consideration, Westchester was also building the 

Bronx River Parkway, the first of that series of great ; highway arteries - which 

have made the county so easily accessible; and as a matter of fact the sponsors 


-_of this parkway have claimed that it was the large expenditure of county money — 
for this purpose that has been responsible for the great rise in land values and > 
assessments in the county. Certainly these parkways are responsible for  help- a 


ing to make Westchester a desirable place in which to live. - a 


In spite of these f facts, however, t the author has ample claims o on n the gra gratitude 
of the profession in describing a remarkable piece of work ve very well done. 
fi = From his. own experience, the writer can testify to the competence o of the or- = 
t ea ganization which did this, handling millions of passengers while the work was 


being completed with scarcely | any delay or inconvenience. 
So far as Westchester is concerned, even though it may not be conceded 
| ‘that its growth was wholly due to the terminal improvement and the electrifica- a 


tion, it must be conceded that the two went hand in hand—that a great public 
vision and measured up to its duties and responsibilities. 


R. M. Am. Soc. 0. E. (by letter). he traveling public — 
for granted today the two major passenger stations of the railroad on Man- 
hattan Island. The generation i is passing that saw the building of the Penn- - 
sylvania Station and of the present C Grand Central Terminal, and it is therefore ‘ 
timely and fitting that the full story of the latter should be spread before the _ 
members of the Society, 
This: station presented many problems ‘differing from those connected with 7 
- the Pennsylvania Station. This latter was an entirely new project involving > 
c tunnels under the Hudson River from New Jersey and a connection by tunnels 
_ under the East River with a large new train yard on Long Island. | The station, - 
partook ‘More of the nature of a major en route than of a 
_ ‘The problem be before th the New York + Central Railroad Company, however, 
was the rebuilding and expansion of a busy operating terminal station, together 
With the reclaiming of valuable building sites by the placing of the tracks under- — 7 
ground. _ This involved the adoption of electricity as the means of motive 
power at a time when electric traction was still in its formative stage. yo” ane 
‘The d difficulties of such an undertaking were enormous, of course, 7 
sides the physical problems encountered, it must be. that all of 
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HAMMOND ON GRAND CENTRAL TERMINAL Discussions 


this work had to be. done without interference with the o operation of the railroad 


with its complex ¢ combination of through passenger service from the north h and Tn 
west. and, for that day, a heavy commuter service. ‘Some of. the older com- > fa 
-Muters will remember the wooden ramps which were built a at various degrees — ona 
of slope to test out just how s steep they could be ‘made without in ” the er 
_march of the crowds unloaded from the trains. 
‘The transformation of Park Avenue, then ill- -named, from its 
generally undesirable character to its present state, also is one of the —out- : 


"3 standing features of the project, taken very lightly and casually by the a average 


_ That the creators: of the sevttinal uit well is indorsed by the fact that, 
« notwithstanding the enormous growth of the traffic handled, the station has 
continued to do its work satisfactorily with virtually ‘no major changes. T he 

well-planned separation n of the through and commuter traffic remains as it was 


at the outset 2 and handles the tremendous crowds | of rush hours and holidays 


a4 


with an efficiency that is the admiration of all visiting railroad operators. : t 
W ilgus’ data, given in Table 4 and supporting text, are impressive, the t 
percentage of i increase in traffic being 264 for commuters and 166 for all kinds ; } { 
4 of traffic. These are re yearly totals; it is probable that the daily peaks wou ‘ad r a 

Mr. WwW ilgus points ot out that the time approaches" when thought must be 
i en wn handling a further increase of traffic. ~ Who shall say what the future 7 | 
holds? - Are c cities in the United States to grow indefinitely or are they to feel . 
increasingly the effect of decentralization of which there are signs? 2? Whatever a 
‘is: ahead, one can but hope that men will be found of the caliber and character i 


of their predecessors to solve the new problems as they arise. ee 7 
_ Auonzo J. HaMMonp, Past- -PRESIDENT, Am. Soc. C. E. (by letter). In 
7 “the “Synopsis” of this | paper, t the author rightly refers to the exceptional ad- 7 
 -vantages achieved i in the interest of the owner, and of the public as as well, by the — 
Ry 
utilization of overhead a air rights due to the « change of motive power - from steam 
a The fact that the approach tracks ran through a public street. where the 
steam and smoke were objectionable, as well as in the zone of the terminal 
_ proper, made it all the more important to change the motive power—the result 
of which, of course, was “a clean bill” for the: very ‘remarkable dev ‘elopment of 
air rights. If the terminal alone had been considered, the result could have 


been obtained, as it has been in the case of the Chicago Union Station, Chicago, 


Ill., where ‘steam is the motive power. 


at _During the earlier stages of construction of the Chicago Union Station, full- 


‘inlet : areas, and the type of fan and p power required far vemoving promptly 
steam and st smoke from— a locomotive through ducts to a satisfactory outlet. 
The results obtained made possible the use of air rights for the Daily News 
Building and the Post Office, the latter extending for a block about 800 ft long 
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; and the full width of the station tracks. It will be admitted that the results do 
“not measure up to those obtained with electric traction, but are fairly satis- 
_ factory, with one important exception—the corroding effect of smoke. = - 
‘The author has been able to add a new term to the classic definition of 
_ engineering, and he is to be congr atulated not only in having the vision but the. 
opportunity to ‘ ‘evoke’ such a magnificent station development. In conse- 
quence, he has well earned the retrospect of a Job Ww ell done. 
_* connection with his studies for the Chicago Union Station, the writer had 
to s spend quite some time making an intensive Study of the Grand 
_— Terminal, the engineering design, operation, income from facilities, 
~ economics of investment, as well as architectural treatment for combined sta- 
: tion use and office facilities. The writer was impressed most by the intensive | 
“use of vertical space in a two- “stage development and the minimum effort re-— 
quired of the passenger to reach the various places he had to go to supply el 7 
wants for service—the ticket offices, parcel room, information booth, entrances _ 
“to the train eoncourse—all i in Plain sight and easy of access” when he reaches, 
the foot of an easy ramp from the street, or a few short | steps. after leaving his 
taxicab. Such a well- -planned sequence of movement for t the passenger exists 
in no other station, to the writer’s know ledge. Opportunity w as there and was 
taken advantage of to a superlative degree. 
‘The author has given a very enlightening story of the processes of the 
- Electric Traction Commission in reaching conclusions, not only as to type, but 
- extent of electrification, as, for example, to stop at Mott Haven, five miles out, 
or go to Harmon, about thirty miles farther. Table 4 shows the increase in 
commuters from 1906 to 1930, but it would I have been of interest if the immedi- — 
ate effect of electrification could have been noted resulting. from greater speed : 
and comfort of the suburban | trains. 7 _ This i is mentioned for the especial reason 
that | beyo ond a Central suburban electrification in 
Chicago, | both on the South Chieago | branch and the main line, there was a — 
very prompt reaction in building, a and n new ‘neighborhoods developed, increasing 
| The architectural compromises es referred to and the statement that the ein 
_ tended high office building over the south end of the station on n 42d Street 
“fell by the wayside,”’ lead one to the conclusion that the ultimate result was 
‘Most fortunate in providing an elev ation on 42d Street, facing south into Park — 
AV enue, of m matchless ss beauty and, in addition, the glassed arched gables permit — 
- the sun’s rays to p pour + down into the passenger concourse with the result that 
7m the people are kept i in a cheerful mood when waiting for a train. 7 as 
¢ east Such a development re requires many studies to be made and m many discarded. aa 
= In the case of the head house of the Chicago Union Station, there were some 
thirty studies made. The caissons were pt put in for the selected type before the 
United States entered the World War, and afterward a different design was 
- ~ adopted, necessitating a revision of nearly ¢ all the caissons. In the case of the 
4 Grand Central Depot, it took courage and vision to tear down the old struc- 
tures ; and start “from scratch.” 


ah Where there is so much to commend, there is left very little to criticize in : 
‘sucha terminal, The writer has found ad one ele element, however, W which is ich is inherent 
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with a stub-end terminal with passenger platform 1 used for handling baggage 


and mail. _ ‘The wr writer has timed the unloading of baggage and - onto trucks — 
from an inbound train and has found it to be from 20 to 22 min. In the mean- 


: time, ‘the: passengers have all gone by o1 on the narrow lane left by the e trucks; so, 
without invidious comparisons, one might refer to the Chicago Union Station’s 
_ separate platforms for such traffic, a detail b believed t to be peculiar | to that station. 


At , times there have been criticisms from some sources of the money which 
railroads have spent for what were termed “monumental” stations. In 1916, 
_ when Robert Trimble was preparing his presidential address for the American 
4 Railway Engineering - Association, the writer gave him an editorial comment by 


John Henry Z Zuver in a South Bend (Ind. ) newspaper, which ran as follows: 7 

“In the middle ages, communities built magnificent cathedrals—and 
paid for them—and who questions the ennobling effects of these rich and § 
- spacious structures on all beholders? They satisfied and glorified the lives | ; 
not only of those who built them, but also of their descendants. The 

_ genius of the American people runs to transportation and to business. . 
_ Why not express through those mediums the artistic soul of the nation? : 


RIPLEY 


ry 


Who that ever stood before the massive pillars of the Northwestern in 


_ Chicago, who that ever walked the floor of the wasteful concourse in the 
Pennsylvania Station in New York, with its noble space and simplicity, its io 
_ astonishing and grateful silence, can ever think of them | without : a thrill? | 


HLL. Riper,” M. Am. Soc. C. EL (by | letter). In writing the history of 

d the development c of railroad service f for passenger ti transportation northerly from 
New York City, y, along the Hudson River and into W estchester County and 
New England, Colonel Wilgus has agein done 5 a notable service > to the er engineer- 
ing profession and to the public at large. 
- _His description of the peregrinations of the terminal from City Hall Square 
tot the Present location of the Grand Central Terminal at 42d Street and Park . 

"Avenue would be a worth-while endeavor of itself. His description | of the 
terminal project, however, makes it of vastly ‘more interest and importance to 
‘the engineering profession. His description of the terminal and its northerly 
‘approach, with maps, tabulations, and photographs, presents the problem in 
such clear and complete detail that it one who h has never ‘seen it can form : 


clear picture of the ‘magnitude o of the enterprise se as a whole. 
He has” touched only lightly upon & phase of the matter which, to the 
writer at least, seems to be the most remarkable part of the undertaking (ex- 
-cepting its original concept), namely, that the entire job was completed = 
a traffic maintained on the same location, Teaching m more than 500 regular s sched- 
vuled trains, , and which involved as many as 1 ,000 separate movements per day. 
All engineers know that it is one thing to construct a project “‘in the open.” 
“Iti is quite another to do the same jobi in the heart of a great city, under intensive 


; - traffic, and to keep that traffic m moving ; Without delay or serious inconveniences; 


-% Contract Agt., N. Y. N. H. & H. R. R., New Haven, Conn. al 
%e Received by the,Secretary November 22, 1940. 
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hose who haa oO use tne erminal auring ne periog 
— know that thifvas accomplished remarkably well. The excavation had to be 


~ As the author states, the station and its a can now be seen “in | 
perspective.” The teoveler is likely to overlook the influence it has had i in a 
and tribulations involved in its accomplishment unless he remembers the « con-_ 
ditions that existed thirty or more years ago, when the two sides of the city 
were cut apart from 42d Street to 56th Street (see Fig. 5) and the area between, 
now one of the finest parts of the city, was a /smoky waste of tracks and service 
a buildings; or, unless he compares a Photograph of that area as of today with 


one, say, as of 1906 (see Figs. 6, 7, and 14). oe ae 


The writer wishes to add a word of appreciation : and indebtedness to the 
F author for his vision in planning the enterprise, and for his record of the whys 


wherefores as an 1 inspiration to others. 
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December, 1940 RIPLEY ON GRAND CENTRAL 
a | _made over acres of area down to a depth of approximately 45 ft below 42d — 
h 
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EARTHQUAKE. STRESSES IN THE SAN 
-FRANCISCO-OAKLAND BAY BRIDGE 


Discussion 


By 


maximum shear fo force due to a an earthquake could be expressed as —— ~ 


os fact that, for a structure of given pa Ty, a static sasdieeation of value 
same stress as the earthquake on that particular structure. 


ie which 7, represents the maximum shear under a static horizontal force due 
The | equivalent acceleration A(T’), plotted as a function of the period, is a 
characteristic curve of the earthquake called a spectrum. Such Such spectrum 
‘curves were evaluated by: the use of a mechanical analyzer for the e earthquakes: 
of Helena, Mont., on October 31, 1935, and Ferndale, Calif., on September 11, 


1938, for ‘which the records show an. acceleration peak « of 0.16 g and 0.17 a 
"respectively. 


of both spectra could be represented by. the formula 


in which Ti is the period i in seconds. — _ Eq. 1. 56 may be generalized so as to take : 


_ _ Nore. —This paper by Norman C. Raab, M. Am. Soc. C. E., and faa C. Wood, Assos. M. Am. 
Soc. C. E., was published 1 in October, 1940, Proceedings. 


4 Inst. of Technology, Pasadena, Calif. 
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into consideration structures with more than one degree of freedom. The 
c maximum shear and the bending mor moments in each mode of vibration excited 
by the the earthquake may be w written, n, respectively, a 


= 


Va = Ca 


F M,, 


pa mode considered = he coefficients C, and By may be called “efficiency, 
factors,” depending o on the type pe of structure and the order of the excited mode. — 
= Vs alues of these coefficients for a cable and a pin-ended uniform truss are given | ; 
in Table 2. ‘Using the data i in the p paper, one can apply these results to evaluate 7 
TABLE 2.— —CoEFFICIENT FOR A CABLE AND A PIN-ENDED | 


Order of excited mode n=3 = 


Bs for truss 03 0.012 0.0016 


an upper limit for the stresses which would t be produced | by an earthquake of of 
“the Helena or Ferndale ty pe in the San Francisco-Oakland Bay Bridge. an ; 
Eqs. 55 to 58 apply only where | the ground mo moves rigidly an and would not = 


‘cover the case in which the towers of the bridge a: and anchorages are moving 


Center- Span Truss —The ‘measured in center- -span truss 
9. 0 sec and the coefficient Ci = 0. 816 (from Eqs. 57 and 58a), the maximum | 
- shear in the fundamental mode is Vi = = 0.017 V,. 4G ‘This i is the same as that 
produced by a static force of 1.7% of gravity. 
Similarly for the bending moment—applyittg Eq. 58b with = 1.03— 
0.022 ; it is possible to State that the the “equivalent. accelerations for 
‘thi is case are 1. 7% and 2.2% of gravity. 
a: ide-Span Truss —According to Table 1, a probable period of the side span — 
Is 3 sec. ‘This corresponds to end intermediate between pin- -ended 
and fix ed. The maximum shear and bending moment for the fundamental - 
. “mode are Vi = 0.053 Vz, , and M, = 0.067 M,. The equivalent accelerations © 
for the shear force and. bending ‘moments are, respectively, 5.38% a nd 6. 7% 
Cables.- —tThe periods for the center-span and side-span cables are, 
‘Spectively, 5. 9 and 3.1 ‘sec. Hence, | the corresponding maximum shear stresses 
are the fundamental mode of these cables: Vi = 0.027 Ta , and Vi = 0.053 Vo. : 
f The e equivalent accelerations are 2. 77% and 5.3% of gravity. 


— 

and 

in which V, and M, are the maximum shear and bending moments produced © _— 
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fundamental. — Consider, for ‘instance, the case of the side-span truss. _ The 
“excited symmetric ‘mode next to. the e fundamental will have a period of about 
0. -3 ‘Using the coefficients 0.010 and = 0.012 of Table 2, the shear 


and the bending moment a are found to be: Y= 0. 0066 V,, and M, = 0.008 M,. 


es Conclusions—The writer has computed the stresses that the Helena and 
F erndale earthquakes would produce in the San Francisco-Oakland Bay Bridge ' 
and has found that a stress corresponding | to a static force of 6.7% of gravity 
7 could be produced in the side-span truss. The peak acceleration of the earth- 
4 
quakes ¢ considered is about 17% of gravity. — Since’ stronger earthquakes | with 
peak intensity of to 40% of gravity a are not improbable, it ‘seems that 


effect of the has been . This effect hee large si 
can be quite considerable, due to the friction at. the expansion joints, local | 
plastic deformations, and the dissipation of ener gy by radiation i in the ground 
through the foundation and the anchorage. Further research is necessary 
_ _ before the effect of the damping on earthquake stresses, and various other 
pane factors, can be evaluated correetly. 
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